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PREFACE

The AGARD Working Group on 'V/STOL Displays for Approach and Landing" jointly sponsored by the

Avionics Panel, Aerospace Medical Panel and Flight iechanics Panel of AGARD has made an attempt to gather
information relevant to this study, to discuss this with experts from various NATO countries in the light
of the disciplines represented by the three Panels and to draw general conclusions with respect to the
man-machine exchange of information in V/STOL aircraft. A great amount of attention was devoted to the
problems of V/STOL aircraft operation and to the question of optimal combination of automatic and manual
aircraft control with particular respect to the role of the displays. Discussion was restricted to the
more realistic and promising possibilities rather than discussing the many theoretically possible cases
of V/STOL aircraft development and operation. This presented a particular difficulty since V/STOL tech-
niques are still in an early stage of development even for one V/STOL aircraft (the Harrier) brought into
squadron service some time ago. However, the background of experience of the Working Group members - Air-
craft System Engineering, Display Engineering, Flight Testing, Human Factor Research and Human Engineering -
contributed to the interdisciplinary type of work to be done, which sometimes, however, had to be con-
fined to assessment.. It is hoped that the results of this study will support the activities of the three
sponsoring Panels in the field of V/STOL techniques and assist future research and development in this
area.
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1. DEFINITIONS

ADI - Attitude Director Indicator

A AFCS - Automatic Flight Control System

c- Constants

CRT -Cathode RayTube

CTOL - Conventional Take-off and Landing

Director Display - Presentation of a computed command

Flight Path Error - Deviation of the aircraft from a preselected flight path

h - Height

~hO- Desired Hover Height
'h - Vertical Velocity

Horizontal Display - Presentation of x-y plane related information such as position,

track, ground speed etc.

HSD - Horizontal Situation Display

HSI - Horizontal Situation Indicator

IMC - Instrument Meteorological Conditions

Quickened Display - Presentation of a signal containing status, rate and acceleration

components

R -Range

SAS - Stability Augmentation System

Situation Display - Presentation of a status

Vertical Display - Presentation of y-z plane information such as height, bank, vertical

velocity and related information such as pitch and incidence

V -Ground Speed

VMC - Visual Meteorological Conditions

VSD - Vertical Situation Display

VSI - Vertical Situation Indicator

V/STOL - Vertical/Short Take-off and Landing

6 - Pilot's Control Output

c - Error

- Position of a Display Element

'0 - i�ank Angle

- *- Rate of Sank
- Heading

* - Rate of Turn

(Id - Demanded Heading

2. IKTRODUCTION

One of the attractions of the V/STOL aircraft for military application is its ability to
operate into and out of tactical sites which may be remote from conventional airfields. Typical of such
sitea for VTOL aircraft might be a "hole in the wocd",a restricted clearing surrounded perhaps by high
obstacles. Operational studies have emphasised the sensitivity of effectiveness to detection rate when
operating in forward areas and this in turn will force the use of euch restricted sites. Indeed, the uor.
high obstacles around, the better from this point of view.

That current V/STOL aircraft can operate into such clearings by day in clear weather has been
demonstrated frequently and although the restrictions on flight path imposed by the surrounding obstacles
may require careful flying, one does not encounter inuurvountable difficulties.

However, to be able to operate only by day in clear weather is in the long run almost certain-
ly unacceptable to military users and it is an unfortunate fact that no true VTOL aircraft has an effec-
tive poor weather capability, particularly into restricted sites,at the prvsvnt tim. It is ironic that
while the above statement is true, thai-s is a generally held opinion that operation of VTOL aircraft underpoor weather conditions should ba fundamentally more safe than CTOL aircraft by virtue of the former's

ability to fly slowly and stop if necessary. The apparent conflict between these two statements codes
from the present state of development of the vehicle as stable flying machine and the confidence with
which the pilot can handle it under difficult conditions. In additiom, if the approach manoeuvro is con-
strained in time by fuel consuoption rates or the need to minimizz exposure, then there is a further
pressure on the pilot forcing him to abandon a cautious stop-and-go approach. There is, in fact, a basic
need for. a system which will permit smooth, economic approaches to be made to a ,aear-hover point a short
distance from the landing site, at a low but safe height and preferably with the vehicle pointing towards
the site.
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The need for study of approach techniques was recognised by AGARD in 1963 when the Avionics
and Flight Mechanics Panels jointly established a Working Group to look into V/STOL Landing systems. The
findings of this group were presented in AGARD VLS/65 (Ref. 5) which, while recommending that the pilotts task
should be kept as siople as possible and expressing a preference for an approach where only one partuiter
was changed at a time (stepped approach) did not go into the details of the practicality of providing
approach and landing guidance systems. Accordingly a second Working Group was set up in 1965 to study
these aspects and their work is reported in AGARD Report 560 (Ref. 1).

While the study reported in Reference 1 concentrated its expertise on the ground aids that
may be used, it fully recognised the existence of shortcomings in the display of information to the pilot.
The following paragraphs quoted in extenso put the problem:

"Para 4.2. It is generally agreed that existing displays are mainly inadequate for V/STOL
instruý.;nt flight and that sew displays are required. This is especially true for sero-zero
visibility and is true for weather minima of 200 ft and 1/2 mile visibility to a degree
dependent principally on the steepness of approach and extent of speed transition which
has to be performed.
In spite of the many studies that are being carried out on new types of display there is
limited knowledge on the manner in which information is beat displayed to the pilot.

Para 5.4. It is believed that there has been sufficient interest and progress in the
development of instrument displays to merit review by an AGARD working group --- the
formulation of guidelines for instrument displays should assist in coordinating the
various cantres of activity on this subject ."

It was decided between the Avionics, Flight Mechanics and Aerospace Medical Panels that this
recommendation should be followed up by the formation of a small inter-panel and inter-disciplinary group
drawn from Canada, France. Germany, the Netherlands, the UK and the USA.

The terms of reference for the group were agreed as follows:

a) To study the requirements for displays to assist the pilot during approach and landing
of V/STOL aircraft (including helicopters) in the light of AGAPJD Reports VLS/65 and 560.

b) To define the principal objectives in designing an instrument display for V/STOL ve-
hicles in the approach and landing phase (including conventional operation) both in
IFR and VFR conditions.

c) To survey the present state of display techniques and development trends.

d) To state whether current researcn and development is correctly oriented to achieve the
aims defined in (b) above and to advise on whether increased development effort on dis-
plays is required in any area.

a) To prepare, in addition to a Technical Report, an Advisory Report for the Military
Committee of NATO.

'he Working Group nmt six times, once each in the Netherlands, North America, the UK, Germany and
in Francr, and consulted personnel from both research establishments and industrial organisations. They

were assisted ý, this work by an extensive preliminary survey carried out by the Technical Secretary, be-
fore the group was convened, in which he reviewed soma relevant activities in the various participating
countries. He found that a very considerable amount of work was being conducted in the broad field of air-
craft displays but very little of it was aimed specifically at the V/STOL case. Also, work appeared to be
directed so"e to short term solutions for specific aircraft than to establishing fundamental roquix.ezonts
(ie it was resulting in emirical solutions rather than an understanding of underlying principlea). Again,
for general application, there was a lot of work being carried out on novel display technltuas and, in
genoral, these eeamed adequate to meet any special V/STOL requinrwnts. This is not to aay that Zurther
advances in engineering techniques are not desirable; brightess, contrast, colour, site and cost could
all be improved but there am no peculiarly V/STOL aspects that would foe development along any parti-
cular path.

The Technical Secretary's report showed that among those surveyed there was a consensus of
opinion in favour of future work having the following order of priorities:

1. Systeous Theory and Design - Analysis and integration of subsystems such as stability
augsitation system, pilot, display etc. with respect to
the environment and to the mission

2. JHuian factors and Huran - T eterminalion of the pilot's response characteristics and
Engineering Rosn#Arch their applicaticn to display design

3. Operatlov - Accu-ilation of flight experience and development of practi-
cable flight procedures

4. Technology - Development of the engineering ability to produce a display

In its sub•sequnt studies the Working Group has attempted to follow thens priorities. The re-
suit is this report, which does not dictate exactly how such displays should look. It is hoped, however,
that the report will be of benefit to those who have to design V/STOL displays in the future.
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' " s'Finally, this report indicates a number of areas where further research is needed, or wherethe current research effort needs increasing. Future action along these lines is, of course, a matter forindividual countries but the existence of a central statement of need could contribute greatly to intat-V national collaborative projects whethep bi-lateral or multi-lateral in nature. recommendations alongthese lines will be made by the Working Group to the NATO Military Committee 'in' the discharge of itb terms

of reference.

3. GENERAL CONSIDERATIONS

The design and development of display systems for V/STOL aircraft terminal area operationsrequire consideration of many factors outside the display technology field. As a mininub2, these con-A siderations include operational factors, ground environment, vehicle configuration, terminal area flightprofiles, guidance requirements and pilot factors. This section of the report will discuss these aspects
of the problem as viewed by this Working Group.

3.1 Operational Factors and Ground Environment

Operational requirements are generally a function of the mission, role and class (is fighter,transport) of the aircraft. All tactical military air%.raft, however, should be capable of operating underadverse weather conditions to be truly effective. The operational effectiveness of V/STOL tactical aircraftwill be strongly influenced by weather conditions due to the nature of their operational employment. Theywill very likely be deployed to dispersed sites and/or operated into, and out of, remote forward siteshaving a minimum complement of ground aids to assist in conditiona of low visibility. Weather criteriafor remote area operations may be different from those for main base operations. Under combat conditionsadequate visual cues can not necessarily be assumed following breakout through cloud cover nor will thepilot have high intensity lights, runway markings or runway contrast with surrounding terrain availableas cues to indicate his desired landing point. Landing sites may be camouflaged and operating: under black-out conditions. Approaches may have to be made over enemy controlled territory and unfamiliar terrain. Asa result, the pilot must be able to fly under instrument conditions throughout almost the entire approachprofile to exploit fully the operational advantages of V/STOL tactical airqraft.*

The nature of the operational employment of V/STOL tactical aircraft will also significantlyinfluence the mission-related avionrcs equipment which will vary widely from austere to highly sophisti-cated depending upon the aircraft's role. Maximum utilization of this equipment to accomplish terminalarea and IMC operations is necessary to minimize the additional cost and weight of special purpose compo-nents and systems. The level of maintenance support available at forward and remote opdrating sites willimpose higher system reliability requirements than would normally be required for main-base operations.These factors emphasize the need for easily maintained, highly reliable avionics and display systems for
V/STOL tactical aircraft.

3.2 Vehicle Configuration

d There are currently many V/STOL airframe-propulsion configurations in various stages of develop-ment and production. These configurations include rotary wing, lift fan, lift jets and many others. Theprimary emphasis of this Working Group's activities has been concerned with aircraft having an inherentcapability to hover and manoeuvre at low speed, since this is a limiting design case. STOL aircraft carry-ing out steep approaches come somewhere in between VTOL and conventional aircraft in ter-is of system design
requirements for terminal area operations. The reason STOL aircraft are flown at low airspeeds on approachis to keep the touchdown velocity low and, hence, the ground roll short. As a consequence of these lowspeeds, natural aerodynamic damping of body axis movements is reduced and the effects of wind shear, gustsand cross winds will become more pronounced in the final approach and landing phase than for conventional
aircraft.

In terms of display system design, vehicle configuration primarily affects the informationrequirements necessary to control flight path, configuration changes and the propulsion system. In air-craft in which configuration changes or modulation of the propulsion system are used to achieve directlift control, operation of these functions becomes a primary, rather than a secondary, control task endmust be treated accordingly in the design of the display system. This impacts on fall-safety requirements,location of display elements, and the integration of the display of these control functions with otherprimary control functions - particularly in comand or director display modes.

3.3 Terminal Area Flight Profiles
Flexibility is the key to conducting tactical V/STOL teruinal area operations under the con-ditions discussed above. The capability to hover and manoeuvre at low speeds provides this needed flexi-bility in establishing terminal area flight profiles. Under IMC conditions, the pilot is no longer re-

stricted to flying fixed paths through space based on runway headings, but rather he can establish hisbest landing profile based on a knowledge of aircraft limitations, tactical and environmental conditionsand his present position with respect to the desired landing point. Given adequate aircraft characteristicsthis inherent capability to perform steep, curved, decelerating and o-ni-diroctional approaches is depen-dent, novertheless, upon the pilot having appropriate information displayed in a manner that allows him toperform those manoeuvres with confidence. Pilot confidence is probably the moat important oinglo factor
in achieving operational all-weather landing.

Current piloting techniques during instrument flight conditions require long straight approacheafor acquisition and tracking, and are time consuming. Fuel consumption data from trials with thi P.1127 forseveral types of instrumant approaches from just pricr to acquisition of glide path, to touchdown, are
compared in Fig. 1 (Ret. 2) with a visual, turning approach to a vertical landing. It can be seen thatthere is a sigaificant saving in time and fuel for the visual approach compared to the simulated inatrumeutapproaches. To conserve fuel and minimize exposure time in V/STOL operations, INC landing profiles similarto those illustrated as future procedures in Fig. 2 (.Ref, 2) must become operationally feasible. In VLS/65it was assumed that the glide path would be a straight line both in the vertical and horivzntal plane daring

k'
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the instrument fznal approach. However, even in 1964,there was evidence that future requirements might
include the capebility to fly a burved path in both dimensions. Therefore VLS/65 recommended:

"A system which provides the aircraft with continuous three-dimensional information
concei-ning the aircraft location, associated with an airborne comuter which can be

programmed for any desired flight path, would be preferable to a system providing a
rigid glide path."

Given such a guidance system the display requirements to achieve versatile VMC type profiles
under INC conditions, indeed, are not readily apparent, but the discussion and analysis of later chapters
attempts to shed some light on these requirements.

3.4 Guidance Requirements

Information requirements for V/STOL approach and landing are discussed in Chapter 5 of this
report. Some coement is in order, however, on 3uidance concepts which may be employed to satisfy these
information requirements. The lqcation and tactical environment of many V/STOL operational sites may pre-
elude the ihstellation bf large, permanent, ground guidance systems and the alternative, of installing
sophisticated airborne guidance systems in all aircraft, is extremely expensive and. imposes additional

.. power, weight and maintenance requirements.

Sub Group r of the NATO Air Forces Armament Group (NAFAG) is reviewing military requirements
for tactical ground guidance systems and is conducting evaluation tests on several portable light weight
systems which are being developed by several manufacturers in the United States, Great Britain, Germany
and France. These include MADGE, SETAC,TALAR and SYDAC, and it is anticipated that requirements for an
interi,. and/or long term tactical guidanct system will result. Although V/STOL and helicopter guidance
reo -- aments are being considered in tnese investigations, primary conaider•-La cm is biing given to con-
ventional aircraft requirements for the interim system.

The All Weather Operations Panel (AWOP) of ICAO and Special Committee 117 of Radio Technical
Commission for Aeronautics (RTCA) have recently made recommendations concerning the need for a new guidance
system that considers V/STOL and helicopters requirements. RTCA investigated the development of a precision
guidance concept and associated signal format for an approach and landing system for civil and military
users. The recommndations are reported in Ref. 3. The AWOP also recomended the development of a new inter-
national non-visual approach and landing guidance system for civil aviation (Ref. 4). Developments resulting
from these recommendations would not necessarily result, however, in portable systems satisfyina tactical
V/STOL operational requirements.

V/STOL aircraft have guidance requirements that are essential to exploiting their unique (is
low speed, direct lift control) flight characteristics. The operationa.ý capabilities of V/STOL aircraft
can best he realized if the pilot is able to use the inherent wide flexibility of the aircraft under INC
in much the same manner as he does under VNC. The low speed flight characteristics enable the pilot to con-
trol the aircraft based on its existing flight situation with respect to the desired landing point without
the. need to correct back to an arbitrary flight path (except under hignly congested air traffic control con-
ditions). It appears that the system will have to provide precise position and rate info-nmtion relative I
to the desired landing point. Range and range rate information is essential if optimum decelerating profiles

are to be achieved. These could minimine fuel consumption but, more Important, along with a knwcledge of
t s&urr4-oundin& terrain and winds, will permit V/STOL INC landings in very low visibility condlti't.3-

As pointed out above, precise position information relative to a desired landing site can b ofa
more importance in V/STOL landings than position information relative to an arbitrary flight p4th. In the
simplest case, range, bearing, and barometric altitude (with reference to the landing site) can provide this
position data. Many more sophisticated means of deriving this information are currently unler development.
NAFAG 'Sub Group 7 will be considering such systems as long range solttions to tactical guidance requirements.
V/STOL guidanco requirements (accuracies, range, coverage, etc.) should be established, verified throNgh
flight test, and specified as part of the general requirements for any new tactical guidance cystem.

A
3.5 Pilot rectors

A sifr.Icant factor to be connidered in the design of a control-display syrt-m for any new
aircraft is the role of the pilot in the aystem. This issue becor-% of particuler concern when automatic
versus manual control trade-offs are being considered. The need for autoiistic asaistance and the trade-off
between control sophistication versus display requirements are discussed in detail in Chapter 4. Sevenal
general points, however, need to be made about pilot factors in system design. In gensral, pilots sak. poor
substltutes for servo actrators and,if they can be unburdened froe such rouitine control tanks, have mare time
available for management of critical functions. On the other hand, as autcmaticity incr*ases, the pilot's
task bacocMes one of systons monitoring, and he may not ba able to stay sufficiently alert under routine
operation to take over manually in case of systems failur•e. at critical phases in the miastio. These points
were also mAde in Re$S, 2:

"The V/STOL aircraft will add coplexity of operation, for the pilot. Also, the need
for attep, cqrved flight paths in a dense traffic environment (or due 1o operational
requirements-editorIal comsent by Working C.-oup) in very low visibility conditions
will 'lace demands on the pilot that will requir.a some degree of automaticon of operation
and control of the aircraft and of its guidance from cruis- to landing. The pilot will

become a manager and -.ooitor of qystem perforranco and, of course, vill remain the
decision maker. The decisions the pilut rakcs, hoeever, may be more difficult as a
manager and mor-e critical in timing in an emergency situation inasauch as displays
of today require interpretation and are not suitably integrated. The pilot may not
be able to stay sufficinntly "alert" under routine operationn while nornitoring with
abstract displays unless he plays an active part in the control of the aircraft. On



the other hand, vastly improved displays may provide an answer." I
~ 4. THE TRADE-OFF BETWEEN CONTROL AND DISPLAY SOPHISTICATION

4.1 Introductory Remarks

As was pointed out in Chapter 3, V/STOL aircraft have proved to be marginally stable and d~iffi-
~,.,cult to fly at low airspeeds. Successful transitions from aerodynamic flight to a hover and landing do

not present operational problems as long as such missions are flown by experienced and well-trained test
pilots. Ultimately, V/STOL aircraft have to be flown operationally by less experienced pilots. These will
have to receive special training due to the varying method of control during a transition from aerodlynamic
flight to a hover. on the other hand, VTOL aircraft offer advantageous direct control of vertical accelera-
tion thus allowing immediate corrections of height errors. This can enhance the guidance stability with
respect to the demanded flight path compared to most conventional aircraft where height errors are correc-
ted indirectly by changing elevator angle and engine thrust.

exainaionStudies conducted in flight so far have been primarily concerned with stability and controlI
examnatonsunder VMC. Far fewer studies of this kind have been undertaken for manual flying under IMC( which Is understandable because even for conventional aircraft true all-weather instrument landing capa-

bility is just baginning to become a reality as a result of fairly sophistic.nted automated control systems.
Another reason for the majority of the research being done undar visual rather than instrument conditionsI
is that airborne experiments are much more easily performed using the rea world cues. Also representative
displays are not usually available and the researcher is well aware of the deficiencies of standard instru-
ments because of all t~ie controversy over the years regarding V/STOL display requirements. As long as V/STOL
aircraft steep-angle approaches, including vertical landings, are in the exploratory stage with respect
to all-weather landing capability, appropriate displays can not be developed adequately until a basic un-I
derstanding of what is to b~e controL-ed, operated and monitored has been established. Therefore, only fair-
ly ýeneral statements can be made on the trade-off between control sophistication and display require-

4.2VehcleStabilisatinn

Some VISTOL aircraft have stability characteristics which allow the aircraft to be flown
manually with a minor degree r-i autostabilisation, or no stabilisation at all. The question is, however,
host much the operation of a V/STOL aircraft without autostabilisation increases pilot workload comp"re
to that of flying with stability augmentation. It' there is a significant increase of pilot worklo~ad it

%ion concept. To be able to assess the cost-effectiveness of autostabilisatior, It is felt that quantita-

tive measures should be developed to show what amount of the pilot 's attention capacity is absorbed by
manual airscraift stabili~sation.

At this point the optimum use of human oaspabilities should be reconsidered. Obviously the pri-

mary task of the pilot is to perform a2 particular mission ,;nd not to maintain a paticula venicle status.z

Therefore the pilot's attention should be devoted to the misnsion ta~sks primarily and the secondary tsak of
vehicle stabilination should be automated a; necas-sary. Stability augmentation systema involving appropriate
sensors, compute"s and control surface or nosasle actuators are certainly within the state of the art. How-
ever, considerations- of valiability and adaptability to failures or aulddn changes of operational con-
ditioos can influence the assiignmeant of vehicle stabilisatioa tasks to the pilot or to the stability aug-

muainsystem.

In cases wh-ure only limited akitozatic stability augmentation Is available or hrethe pilot
has to take over in onan emrgency malloeuvre, quickened displays m=y Lbe a better aniswer than pure situation
displays which are likely to be inadequate for atabilizing tasks. Quickeved inforration is darived from
the corbinat ion of a .atus, rate And tccalara.ioo cosipoonts of a partzmeter and is displayed as a co;Apo-
site signal to the pilot. Dy this iwthod the pilot is relieved ol 'the extremely difficult task of mani-
fold visual diffar'etiatlon of zituatien information and mental detarsination of optim~al conttrol %bCW~ta.

To illustrate the effecta of quickening in a director display iraforencs is vede to rig. 3 which
is a simplified oyAqnde of the cootrol of an aircraft turning in level ;ý*rodynazic flight. The pilot and

* ~~~display are rpentdin the axdal as a simple pain. Using this simple pilot .~dlit is assurmd that
the pilot can concentrate on a single tracking task o:f slow response charaictariatics alone, which Is not
necessarily true in pr'actice. Tho pilot's output, 6, contr'ols the aircraft in roll. The output of the fir-at
intagrater of the aiý-fraft wodal represents the roll rate and the negative feedb~ack of this integrator
accounts for thl, danping of roll-motion. nhe output of the asecond integrator then repreesan' bank angale,
tp, which causes a pr,-,prtionai rate of turn, o , (Assuunln; no aidealip). Th-z out-put of the third3 ntegra-
ter is aircraft hxN&ding, 0, which can be controlled to satisfy a hoading demand #d usaing aultiple feedbacks
to the dia!-lay. The, re~sulting output is a compositv signal of the fore

(1) 1 'd- -c 1  -

K* By appz\opria\te sal.'ction of c~ and C 2 various typos ef roaponsea of the systoem can be achtieved
in order to nullI the heading err=OS

Fig. 3c-c show some responses obtained ,y simulation for vs."ying values' of C azrd c .ror

c c 0 therA is only negative feedback from outpvt to input wbich mrosults in instability J~ the system.
rAe trics a"e tberef or. not shwn in Fig. 3.

!ko' c 1 0.2 and c 2 r 0 VTia. 3a) damping has been introduced into the system. In woat linear
systems a rate feedback term intro-duces dalmping and this Is seen in jig. 3a vhere c I 0.2. Rovever, at this
value of c,, oscillation is still present which makes control difficult for the pilot (highest rue-value of
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pilot's output and highest number of stick reversals compared to Fig. 3b, c), but the rms-value of the
error at the system output is smallest for the example shcnin Fig. 3a. For c -0 2 and c =0.1
(fig. 3b) the feedback of the second derivative of the system output (tor ip rsecie has i.ead
the damping and lowered the frequency of oscillation. coaitrol is less difficult for the pilot as ir.-ni-
cated by the small number of stick reversalc required ondte mle ras-value of the pilot's output.

'T The vehicle is less responsive, however, and the rem-value of the orror at the syste-' output is larger
than in the previous example.

v.!
For c1  0.4 and c =0.5 there is no longer an oscillation in the system. in this example,

'n control is apparently least di~ficult for the pilot as only one stick reversal is required and the rms-
value of pilot's output is smallest with vespect to 0hi previous cases discussed. However, the vehicle
is even less responsive and the rms-value of the error at the system output reaches a high level.

from the preceeding figures it is apparent that pilot's activity and the corresponding con-
trol errors have some form of inverse relationship which is quite natural. By means of a quickened display
of information it is possible to select a certain ra-io of pilot's activity / control errors as long as hu-
man capabilities are not exceeded. S4ore importantly the quickened cOisplay of information can introduoe
an artificial stability into systems of natural instability by provision of appropriate faedbac_] loops.
These loops can be designed to take the characteristics of human control into account, which helps to rmain-
tamn the man in the loop if it is considered necessary.

Besides the characteristics of quickened displays discussed abo~e, the loss of situation in-
formation in the display has to be considered when introducing quickening. in some cases only a slight
amount of quickening (small values of c1  c2  is required to obtain sa-isfactory resul's and then this
effect is not too significant. However, if a large amount of quickening is applied, two displays are re-

P quired, one representing quickened (coenxanO) information and the other situation information. Otherwise
the lack of situation information may lead to a condition in which tne coeseand display shows all comeands
satisfie~d while the aircraft actually flies in an u~nacceptable or dangerous situation which can not be
detected by means of the display.

For a strictly analyticdl development o-f quickened information. displays the entire dynamic
characteristics of the pilot would' have to be knoý;.-. It is believed that the determinatiun of such sophisii-

~a-~ ~cated models may be very expensive and it would probably always be eas.'er to design fully automatic control
systtms. It would appear, however, to be more promising to restrict the mtodel describing the pilot's res-
ponse to lower frequencies only and to recognize and to account for the variability of the display design
due to thi5 simplification. A restriction to frequencies well below I Hm appear* to be quite realistic for
actual flying tasks. It is felt that the Appjication of such simplified models could increase the cost-
effectiveness of quickenad display design by allowing predictions of important Par.ametersradig spedi-
fic tasks rather than continuing the predominantly empirical opt imi7ý4tý,-n of quiclkened, displays.

'4.3 Guidance and Control

Automa3tic stability augmentAtio~n for V/STOL ai-ciraft isý well vithir. the ,z;cto of the art amnd
has pr-oved to he coýst-effectiv-e. Automa-ýtic Mlight conrtrol of VIST).' airczraf-, .pýrob.abl)y ils-o within the
State of the art though "'oe subs)ygtozeis, in articular sensorsý ind Fuidance equivawltý : -.ed s;-Mom rene

-~ rent. Fovever, filly autctmt*-d flicht control of V/-;TL aircraft c4:n -lot becusl4 to I)cot-c,-*
tive at present. Iihile the problen Of Veh'iclec.,iisto is Ztm or less npparkent. in All phiase*, of

flight, guidance equipment tends9 to be zciod-sptcific. To be o tefciv "I CýVelulr ccil-.powfr
maagmet ffrt ainteonance aec. §uc:h Oquipavent ghouldA be dezsigied to b* U~table i Imanyrl rhases of

fi: ,ght. Vie proilenC in amost Apparent when raw infom -ation i% dinv'Arei by conveIritien, 3Inplay tocliniquo;;.
It i1; less. P7redoninznt if sensor':s and- indicatorsz are zop4Laraoe vhiello' Vie indi.CAtorx tQ'o b gt
Rp1ase 4elec'ted through coffputer nrogra=sa to make* thcn uzeablel fct "ifferent puzpioaesu. In this respect thea
beet solution Would be t09 Use of ealectronic disiplays, ~'l ns55inco.tent A:-.ýl4tdvamic
ch1aracteristicg of whticn c,%1 betq ra~~ tv vatc:ý. !:apa cu'rqurenso *ach -_'ba of flight.
Usia; the display device ag a nulti-inc~q indilcatoýr veaiuablenAr-on panel s4pace in resqr~voi by re~ducin;
theo numbear of di:;crQTe niao'.Foucin sne-n~ 'Ind *'air c--- alno beq byp ii-d havilg
stardard displa-V devicei. oily rati-er th.at a fairly ý:11oooVWencU% L1Tnetrs metitOM.

in generavl, it is l-lee hat, the r:esmai:~Aa-' a: heC 4olvi. bset lby usin s, 3tan-

dard Co~utev co~eld diplAy devices 'And g~ivina P~artivular e'T.haxsls to t4'lata of !Uutrv hard-

war* devalcftint 4Lnd to displ-ay gofituarv generation. noe ixmmusz'nt of covpute.4 infol-utiz.xn coaparedZ
to raw ino~tnto b* displayed and the jprodoainanc of electrom~ -u~mn d to 11i dieVelQV"-11, tz-rek.

ýiith respectz to autonatic guidance. *thq rccar-ces of the human 'Le~in (fl~iag , training,
disciplirý*), the Ns:5,bl* refinement of ope*rating ;,-roce-dares andý availattle display cn~g peraeut

to olialnat* coupicto a'otoms*ion of WSVIlL. air-craltgen*c fr-,An rlqrcva comailderation im the *oar Ifuturv,

to c'Ur ocon.ýazic bene'flt. C-cite ivulsta'~tial ef~or!; Are, -Iowover, vqqurv~d to utillizq thoe., relc zrer-c *ffi-
ciently. "'e greatest PrOble ap -zr to I'* a1 laýck Mf knowledge aboaut t~o tzlot 'f, "ifcrot i"on -M ur~e
whlichý a'Ae cons4iiered to ý1w tte kAry to future- display deec,'et.!ptreqir-nt- exint inl peneral for
fully autom~atiz flighit c;-ntrol. 'fr tinrtqu~ir"aNents for vanual ccit-ro, Sov,*ver, have to he Jerivtd
More ZWlrically oWC4Q3* Of the lim~i-ted knowle~dgq ofth p~iot'e beh~aviour in a suj~ti-laa1k S~tkatso ande
his ability to adapt to the tznexjpacted.

I.. significant increalse C4 qrvdSae quimo-nt givinnaviainifr;~timadpromn
data Vroc*eiing will1 bo neo".szary for autc-sMat ic zu idance a;nd cosntro. dt-.l ng ap;-roacfi a,-.; Iand ing as erm -
par(,d, far e~xanple, to a GCA (C4%oL-ý, iCotrolltd Appvroo-sc) zaric~vreo. It in a~oai wh**her a,&equtet

*i-Airwent can be -romidedd fcir thirt ;articixlarly at thote* pýacvs vhere tite taic-off a.-d l~anding chia-*C-
teristics of a V/S7tIL aircraft are most usefUl. 0On thC other !14,0. COý4 ratnio l OXTJI.rec n a N ISIOV I tha
steep d*%centA to a specific end-reintr ar.- difficult to fly withot so~w dap-** of autaticn if a spe-,*i
f Ic profile of tr-wiaition ow dec*Xeration, is itmanded.
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4 4 Principles go-erning trade-offs

The display requirements for V/STOL aircraft are dependent on the complexity of the flight
manoeuvres required and on the degree of automation available aboard the aircraft. However, autonation
and the quantity of information displayed are not inversely proport3onal. This is due to the fact, that
automation cap. reduce the number of control displays without significantly changing the number of situation
displays required to observe the progress of the automated control functions and to monitor the flight con-
dition with respect to mission requirements and safety margins. The degree of automation is dependent, how-
ever, on the overall cost-effectiveness to be achieved. Two questions appear to be most important: (1)
What can be automated within the state of the art, given considerations of cost, payload and or-tational
environment? (ii) How much of the pilot's attention capacity is required for tasks which can not be auto-
mated efficiently and where is it possible to save that amcunt of attention by appropriate automation of
other functions? It is belihved that for vehicle stabilisaticn both questions can be answered in favour
of automation. With the aid of completely automated stabilisation systems it should be possible to reduce
the influence of pilot factors on flight accidents remarkably. It would be interesting, however, to know
how much instability of the vehicle contributes to the total number of flight accidents. The remaining
accidents which are not due to inadequacies cf manual stabilisation of the vehicle (inner loop) may have
their roots in the imperfections of the technique of manual vehicle guidance (outer loop). However, the
same degree of automation as for vehicle stabilisation, ie ultimately complete automation, is not con-
sidered to be cost-effective and feasible for guidance of V/STOL aircraft. On the other hand, pulre manual
guidan:!e of the V/STOI. aircraft can restrict the operation of the venicle to fairly conventional approach
techniques to avoid flying risks. If, therefore, the inherent flexibility of V'STOL aircr&ft is to be
utilited, some combination of manual and automatic guidance will be required.

It is difficult, if not impossible, to make any statement about the appropriate amount of manual
and automatic guidance to achieve a specific performance without exact knowledge of the vehicular charac-
teristics, the type of mission to be flown, human limitations with respect to the flying task, and the
difficulty of cooperation between the pilot and the automated system (distribution of authority etc). How-
ever,-For a given combination of these factors it is obvious that the total of manual plus automatic con-
trol must add up to 100%. It must not be assumed that a pilot always has the ability to provide the full
100% of contre) , even with extensive training, or with elaborate displays. In such a case the aircraft
is unflyable without some minimum amount of automatic control (typically inner-loop stability augmentation).
Experience with numerous experimental V/STOL aircraft indicates that for operation in IMC this would be a
realistic case and the subsequent discussion is based on this assumption.

In order to perform his share of control the pilot must be given the necessary information
and one can therefore draw curves of pilot acceptability levels on a plot of display sophistication
against control complexity (Fig. 4).

For the example chosen, these curves do not reach the axes in either direction. That is, as
discussed above, there is no fully manual control solution however many displays are provided, and
although it should always be possible in theory for the curve to reach the abscissa (fully automatic
flight), in practice the pilot will insist o., having some situation information available with which
he can follow the progress of the flight.

Figure 4 presents only a generalized case since it is not possible to progress uniquely along
the axes. For the purpose of'the illustration one can assume that control sophistication starts with
simple stability augmentation in, say, one axis and builds up to full guidance control. Displays similar-
ly can be considered to start with simple situation displays of attitude, speed, height, etc and progress
through increasing amounts of situation, errors, flight directors and/or predictor displays. Combinations
of displays and controls thus fall into satisfactory, acceptable or unacceptable regions of pilot rating.

For convenience one can assume that costs increase linearly along each axis and, therefore,
contours of equal cost cross the workload curves as shown (.otted in Fig. 4. The curve of "acceptable"
pilot rating clearly passes from high cost through a minimim to a further high cost region.

it must be appreciated that specific combi-ations of controls and displays might, for tech-
Tlical xeasons (eg conflicts between human and automatic authority), result in local distortions of the
pilot rating curves, and, hence, a unique minimum cost may not be identifiable. Further study should be
concentrated on quantifying the rating curves and cost/complexity contours.

Any discussion of the acceptability of displays clearly must identify the amount of automatic
control supplementing the natural control and stability characteristics of the aircraft. Ideally thl-
would be that cor'respondinA to the minimum-cost point identified above, but as this is difficult to de-
termine, discussion with pilots has given an impression of what they considered zo be the minimum "satis-
factory" lsiels of stability for approach and landing.

These characteristics, assumed in the following chapters, appeal, to be appropriate levels of:
(0; atti•t~e stability in pitch, (ii) attitude stability in roll for small pilot inputs about the trim
positioa and an angular rate control for large pilot inputs, (iii) weathercock stability to prevent the
build-un oi dangerous sideslip angles and (iv) vertical damping to ensure that a given control position
results in a steady-state rate of descent or ascent. Of these, the xoll and height control requireme.sts
seem to be the most controversial and are logical subjects for further research.

5. INFORMATION REQUIREMENTS

At the present stage of development, reliability and cost of systems for guidance, control
and stabilization for V/STOL aircraft, operational blind landings, with or without pilot control, are
not to be expected in the near future. A previous AGARD study of V/STOL Instrument landing systems
('/LS/65) assur.kd that instrument approach and landing procedures will possess both an instrument approach
phase and a final visual landing phase during which the touch-down area can be observed by the pilot.
It is felt that -his assumption is still valid. The basic information required by the pilot in both these



f.:ight phases is similar, but may be derived from different sources 9nd may have t'o be prezanted in some-
what different forms to be optimum. This chapter outlines t• req. .r2re nformation, bvit x -.eral, no

att•mpt Ias been made to indicate the specific form in which it shl-uld be di, 21ayed. 'L..is vill be dealt
with in subsequent chapters.

As advocated in Ref. 10, the contr-ols should be of the 1'%artesiFr:" oý cirthogonal MTe in
that the pilot should be provided with go-forward, g -Sack; go-up, go-down; go-right, go-left controls

that change their function as little as possible om as gradually and as naturally a,3 possible from the
beginning of the approach to the final touch-down .-ith a mininm.i of cross-coupLing . In addition, the ad-
vantages to be gained by relieving the pilot of the task of sideslip res -ra'.t ýzre enormous and every
effort should b- made to incorporate adequate inherent or automated direLtiorul stability to allow the
aircraft to be manoeuvred laterally by roll control motious only, esp3cially duxing the instrument phase
of the approach.

It can be argued that the pilot workload required to br."ng an aircraft to a particular spot
with zero lateral and longitudinal velocities and an acceptably low ,ate cf descent at touch-down is much
higher than the normal landing task with a conventional aircraft. Therefcre,the aircraft must be readily
manoeuvrable in all six degrees of freedom. just as additional controls must be provided to allow these
extra degrees of freedom to be exploited fully, display of additional parameters must be presentad to
allow monitoring of these motions. Consequently, the potential gains from presenting the information to
the pilot in the clearest and simplest fashion are much greater in the V/STOL case. Those requirementswould seem to indicate the need for the use of advanced instrumentation techniques.

The parameters listed below are those c(.,sidered necessary for the pilot to accomplish the
approach and landing task. The ir-corporation of advanced display techniques and sophisticated control

systems may shift the emphasir. iequired on the various display elements, but the distribution of the infor,-
mation presented must always allcA7 t';e pilot to answer the two questions: "How well am I doing the re-s
quired task?" and "How close ar. I to crashing?".One display does not necessarily satisfy both these needs.
For instance, the pure flight director t iat has to be nulled can be flown very accurately. Unfortunately,

withot't the inclusion of situation information the pilot i& extremely uncomfortable, since he is unaware
of how closo he is to disaster.Ti addition, in.struments which can fail to a zero position are particular-
ly dangerous in this respect.

No exact technique is available for selection of the information required. This is borne out
by the many detailed differences in requirements for ,.onventional aircraft which may be due to too much
reliance on what is currently possible and ;ihat changes the pilots have been able to suggest. In this
section the Working Group has tried to avoid these -7nnstraints and has concerned itself only with the
pilot's information reqt ements however they may e obtained.

t lw Airs pc T"e airspeed and the deviation from a desired value must be presented down to
the lowest speed at which any significant aerodynamic forces assist the aircraft or aerodynamic problems

such as wing stall or pitch-up (eg due to engine intak:e momentum effects) say be encountered. Then ground
speed becomes the more important parameter.

(ii) Ground Speed and Direction: Alter the "aerodynamic flight regime" has been left behind,
the pilot is interested primarily in ensuring that the ground speed and its direction is such that he will
arrive over the landing spot at the desired touch-down speed. These also would be usefully displayed to-
gether with the deviation from the desired values which may be functions of several parameters. For in-
stance, the desired ground speed may be made proportional to the square-root of the remaining range to the
landing site. That is,

(3) V 9
It can be shown that adhering Jo such a relationship results in a constant longitudinal

deceleration throughout the approach.

It would appear most advantageous to present the information for both airspeed and ground
speed deviations on one display element with a smooth transition at the change-over point, since the
same pilot-operated controller must be used for both and the pilot is concerned with each at separate
portions of the approach. Adequate differentiation must be provided in their display, of course, to avoid

* misinterpretation.

(iii) He Even in VMC flight the pilot must be provided with altitude information to
ensure adequate terrain clearance, normal air traffic requirements, etc. Duming the approach phase of the
flight, he is concerned primarily with height above ground. Hence, a device such as a radar altimeter
read-out would be more useful than a barometric altimeter.

From flight experience with the Harrier aircraft, it is evident that a numerical indi-ation
of height with 50-foot intervals is too coarse at low altitude and much finer discrimination is required.
it may be advantageous in a numeric display to make the interval a function of the height above ground
and a reasonable interval at very low levels would seem to be ten feet.

Analogue displays of height should not be ignored, however, since they have the inherent ad-
vantage of providing a rough indication of the rate of change of height as well as the height itself.
A disadvantage of such displays ie that they are expensive in space if used t"houghout the entire flight
regime. Perhaps a good compromise is a digital read-out with constant interval spacing, to he used at alti-
tude, augmented by an analogue display of height to be used in the final stages of the approach (say the
last 500 feet).

(iv) Vertical Speed: Due to the very low available normal acceleration capability of most
SV/STOL aircraft in the approach configuration, it is 3mportant for the pilot to knot? his current vertical

"desuant rate. Instrument lage inherent in present pressure sensing vertical speed indicata's are quite un-

$,v
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acceptable if V/STOL aircraft are t6 be flown to low altitudes in IMC by cofnrtably eonfiaent pilots.
In addition, to avoid rates of descent beyond thp aircraftl' capability to arn*st, the display of the
maximut allowable rate of descent would be extremely useful, "how close am I to crashing?" information.
This limit would be constantly changing as I function ok height abve6 gwound, the available maximum
thrust-to-weight ratio apd the flare capability of the aircraft.

The display of this rate of descent information slfould be optimized fop IMC) flighti but should
be situated in a position to &aUlw the pilot ready reference during viseal flight conditions. Otherwise,
if external visual cues Alone mr-e relied on, uncontrollably high descent rates cta occur without the pilot
being aware.

tUnlike normal approaches in conventional aircraft where the rate of descent and airspeed are
held constant until the landing flare, decelerating approaches of V/STOL ai-craft, even on constant glide
path angles, result in ever-changing ver'tical velbcities. T6 make oVaight line and other approach ,paths
possible, it would seem logical to present thi desired rate of descent as an element of the display.This
wooid be basically guidance information and could be made to fellow a great variety of ladrs to ta.ke ad-
va•tige of the charactevistics of particular aircraft, local terxain conditionslor opdratlonalý require-

aments. One such law, similar to that suggested for the ground speed, would be to Make the desired
deccent rate proportional to the square-root of height abovq the desired hover point. That is

(4~) Vh h
HOV

Conforming to this law, which could 6e tailored to the particular aircraft, would result in a
constant vertical deceleration. Combining such a descent rate variation and that advocated for ground speed,
the vertical approach path could be made to assume a variety of suitable forms to terminate, in the hover
above the landing site. By suitable choice of the constants of proportionality and depending on the star-
ting point rates the zero-erTor f! iglt rath may be roughly concave, convex or straight. However, tha curved
paths do not end at the hover point and must be followed by a straight segment. Indeed, the pilot may
modify the flight path by, for example, following first one and then the other demand.

Utilization of such ground speed and height rate laws can result in the aircraft being flown
on the approacb in a more optimized fashion than if it is constrainad to coustant-4peed/constant-al-
tituae segments, as suggested for the "stepped approach" (Ref. 6), resulting in the time and fuel savings
illustrated in Fig. 1.

(v) Pitch and RollA e It has bfien assumed tnat some form of pitch angle control system
would be provided and tbat changes-. forward speed can, and should, he made through variations in the
longitudinal force without altering the pitch angle. Ii some cases when the aircraft is going too fast for
the remaining range and the longitudinal force available is not sufficient to provide the deceleration re-,
quired, the pitch angle must be' increased, or the, landing aborted. In this instance, it is especially impor-
tant for the pilot to be aware of his attitude to effect the airspeed change and then be able to return to
a specific pitch angle.

A pitch angle scale is desirable1 and sbould be nuch that the pilot always knows which way is
up. Similarly a roll angle scale sh6uld be included to enable the pilot to settle on a aesired value and
achieve a particular rate of turn (which, of course, would be a function of airspeed). Ten degree inter-
vals in the roll angle scale pp to thirty degrees either way together with a culrsor should suffice for
V/STOL aircraft approach displays.

(vi) ading: Normal needs such as navigational assistance, orientation with respect to the
tuind, etc dictate'that t pilot be provided with heading infcrmation. During the initial approach phase
when the "localizer" is being captured, track angle is the paraueter to ibe controlled. However, pilots
have become used to using heading correction as an open loop means of correcting track angle by reference
to the ILS localizer indicator. Fom these reasons, and also to provide back-uý situation informatiod if a
flight director is used, it is felt that heading must always be d-isplayed.

(vii) Angle of Attack and Allowable Limits: Due to problems caused by wing stall, engine in-
take momentum effects, and roll control power limts(ea the followipg section., angle of attack can
assume the importance of p primary flight instrument for most V/STOL aircraft. Hence,,a clear, unambiguous
indication of this parameter is required and should be situated close to the Oisplay of piých to facili-
tate correlation between the two.

Since ttere is no louger a valid indicated airspeed-attitude •'elationship from which the pilot
can derive incidence margins and since it is desirable to retain the optimum aerodynamic lift as long as
possible during the approach, the allowable angle of attack limits must also be displayed. Just as, with
airspeed, however, angle of attack has no significance in the sub-aerodynamic r•gion and may be removed
from the display for very low speed flight. Perhaps a method of decreasing the emphasis the pilot must
place on this parameter would be to decrease the sqnsitivity and the size of the scale as the anlgle of
attack requirements become less stringent. That is, large display deflections would occur foi angle of!
attack errors during the "aerodyndmic" poirtion of the approach, but no deflection would be ditplayed
in the entirely powered-lift pýrtifn.

It would be entirely poasible in most V/STOL aircraft systums co ibuorpora.ýe a device that
automatically limits the angle of attack as a function of airspeed by controlling the pitch angle through
the stabilization system. However, a compulsive warning of the approach of the limits, such as a stick
shaker, would be preferable, since the source of the automatic attitude change could be very confusing
to the pilot.

(viii) Angle of Sideslip o- Latei'a. Acceleration and Allowable Limits: Certain types of VTOL
aircraft possess very large values of dihedral effect, evei at low airspeeds. This characteristic can make
excessive demands on the available roll cont.vol it a-,y of a number of combinations of incidence, airspeed,

ýw t! w_ý M.
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and side lip &hgle should occur. If any of these three is zero the problem, in~genaral, is avoided, Henc*6
the display of sideslip angrl only (as measured by a vane) would be satisfactory if this parameter coi ld
be held exactly zero. This is unnecesdarily limiting, however. A more meaningful item for the pilot's'
attention is the lateral acceleration. This parameter is related to both airspeed and sideslip angle and,
if the incidence zan be held within the' limits required to ensure safe longitudinal characteristics, it
shot ,.d be possible to decide on ladequate lateral acceleration limits tolyield satisfactory lateral-direc-
tional characta•ristics throughout the approach. As with incidence, a compulsive warning device, such ar.
a rudier shaker, should be employed to alert: the pilot to impending disaster as these limits are appioached.
If such a device were used it woulI appear prudent to shake only the rudder pedal that needs to be moved
forw4a*d. This would not only alert the~pilot to the fact that he has not done the required task satisfac-
torily, but would also indicate to him what to do to retrieve the situation. f

Since the pilot is more desirous of performing vigorous lateral directional manoeuvres under
visual flight conditions than under instrument flight conditions, the display of both the current lateral
acceleration a"d its limits should be optimize4 for VMC flight.. Nevertheless, if the weathercock stabili-
ty is proviled by artificial~means, it is essential that they be displayed in the useable instrument scan
region to allow instrument approaches (perhaps with modified procedures) following stabilization systems
failures.

(ix) Range to the Landing Site: Conventional aircraft are flown quite successfully with no,
indication of range-to-go to touchdown, other than a couplei of marker beacons along the instrument landing
system to signify particular points on the approach. If V/STOL aircraft are flown on curved paths in either
the vertical plane or the horizontal: plane, the '"range information" that a CTOL aircraft pilot obtains from
his altitude-glide path relationship is no longer available and the need for the display of range is much
more po~erfulý An analogue representation of this parameter should suffice, perhapL. in the form ofI the
separation between an aircraft and landing pad symbols.

(i) Clock: No instrument panel would be complete without a clock equipped with a large second
hand! Pilots find t-hi a most useful, instrument in performing A variety of instrument lahding procedures,'
since even a simple WDF beacon becomes a valuable approach aid when account can be kept of elapsed time.

(xi) Available Thrust and Engme Parameters: Unlike conventional aircr~aft, the power required
by a VISTOL vehicle is-roen gree er dur3ng-the laning phase than during the take-off. This is particular-
ly true when a sh,-vt takr )ff is followed by a vertigal landing. The pilot qf a conventional aircraft can
dc an eng&ne '"run-, on the groond to ensure that the 6ngines are delivering the anticipated power ,just
Pefore take-off, the most critical engine phase. The V/STOL pilot, on the other hand, needs to know the
-tate of h(cilth of his engine inmedictely before his most critical phase, that is before the landing, but
he can not jerform the same sort if check withoul disturbing his flight path unacceptably. Hence, some
indication of the 2availa' le thrust-to-we'ght rat~o (that must 1-0 calculated from air data such as tempera-
tuve and press,-'e) .ould be extremely va 'uaile early in the descent, well before the hover is reached.

Similarly, since the pil6t's workload is very high duving the landing taskand high power is
demanded from the engiiis, ýritical enginc parameters such as temperatures, torque and RPM, shoulu be
clearly and unambiguously presented to pre'ent him from abusing' the powerplant to possible destruction.

(xii; Thrust Vector e Duct Angle etc: The angle between the propulsivo vector
and the longitudinal axis of chc aircr ft assumes to bame sort o1 importance as power settings in conven-
tional aircrift and must bs clearly displayed to .llow the pilot to anticipate changes from one st:eady-
state conditlod to another. A large part of "converting" from one aircraft to another is leArning what
rxwer settings are irequired to produce the e sired 'steady state condition; The sooner this is learnei and
tIhe more easily It is perfbrmed the s"oner speed coni-ol becor'ýs virtually an "open-loop" rather than a
"closed-loop" piloting tAs>.

(xiii) Guidance Information: One appeoach to the V/STOL guidance problein impl 4.ej that automra-
tion in the form of an utomatc landing r,,stem will Le requi.,ed to achieve satisfectory results in this
moi'e demanding V/STOL aircraft tank. Assuming s atIsfactc_-y levels of stability end control characýeristics,
however, it may be poaslale and desirable to leave the pilot in command and take idvantega of his inherent
flexibility and valuAble decision-making cbpa4lities an. incorporzate the automation in the "black boxes"
that drive his displays. They could then look afte)r the programming requirement. in a much more efficient
manner leaving'the pilot the task of satis:ying their inds in the manna most suitable for the sitia~ion.
The display of desired ground speed and rate of descbnt information iii the manner recomsended above .
parts (ii) and (iv) is a first step in providing such guidrnce isformhtion.

In general, guidance systems for use with V/STOL aircraft performing instrument approacnes
have to be as accurate as those usa(' by conventionL' aircraft, but need differ-ent characteristics, The
conventional aircraft must be guided tu a particular ground track while maintaining an airspeed above
some minimum value. The V/STOL aircra~t, on the other hand; need not be restrained within such tight
limits, since its irherent v.-rsatllty allows a wide range of both ..artical apd horizontal, approach paths
that m~y be straight or (urved and the landing spot may be approached from a variety of Oirections.
Comparable accuracy is required, howeve r, to indicate tr tne pilot where he is in relation to 'the desired
approach path and to the landing spot,

The guidance information required includes:

(a) Vertical Flight Path Error: As is outlined above, V/STOL aircraft 'are capable of a great
voriety of vortic' &p'prch po- i - -ut due to fuel konsumption, obstacle avoidance and/or handling
qualities considerations, particular glide path shapes, no doubt, will be prefer'ed. Where this in the
case, the pilot ,must be supplied w~th inforiiation on how well'he is adherinj to the required approach path

,h(n this, probably, would, be accomplished best t1rough a display of the error ftom the desired path. The
guidanc. laws suggested for the rate of descent and ground speed give ot solution to: !this problim. The

* main objection to this approach., if used in isolation, is that the polot could do a fine job of following
the commanded rate of deadent, but be well below the desired ground speed. The result would be h flRght,
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path much lower than the optimum shape and possibly low enough to cause premature contact with the ground.
One solution to this problem would be to ensure a rate of climb is commanded when the aircraft is below
the desired approach path. Another would be to display flight path error itself. Further research is re-
quired to determine which is more desirable.

(b) Lateral Position: Obviously, on a guided approach some display of lateral position with
respect to the des ack is needed. The form that this takes depends very much on the nature
of the guidance.

Approach types can be subdivided into those where there is a preferred or mandatory direction
of approach irrespective of wind (such as may be dictated by obstacles) and those where direction is se-
condary to the necessity of pointing into wind. In the first of these, the aircraft could find itself
heading in a vastly different direction from its track (even approaching 90 degrees close to the hover if
t the wind is perpendicular to the approach direction) and a simple cross-track indication could be quite
misleading. It is felt that for at least the next generation of V/STOL aircraft, instrument approaches
will have to be constrained to straight line tracks within an angular sector to the wind such that the
maximum "crab" angle never exceeds approximately 30 degrees. Whether this will be so or not, the pilot
should be informed of the wind direction. It is too much to expect the pilot to be able to cope with
conditions requiring simultaneous descent, deceleration, turning to account for changing approach dlrec-
tions and yawing to maintain the lateral acceleration zero using instrument cues only. This is an area
in which further research is required, since there are operational situations in which curved approach
paths would be advantageous.

The above sections attempt to outline the parameters required by the pilot to enable him to
accomplish instrument approaches followed by a visual landing in V/STOL aircraft. The following chapters
deal with various problems that have been encountered and are anticipated in providing this information
in the most suitable form.

6. HUMAN ENGINEERING ASPECTS

From a human engineering point of view, visual displays still divide into two main families,
conventional and electronic displays. Conventional electromechanical displays are almost exclusively
head-down, and partake of a continuing pilot folk-lore associated with reliability and little demands
by way of mechanical comprehension. Electronic displays can paint nearly any surface nearly anywhere

'V and participate in a folk-lore (almost mystical since not as yet stabilised) associated with continuous-
yly-breaking TV sets and omniscient computers. It may be 20 years before the aerospace world is rid of

these two inadequats and stultifying groups of ideas.

It is therefore difficult to maintain objectivity, but cur honest view is that conventional
dial-type instruments are just too restrictive to accept the variety of information relating to V/STOL
approach and landing. They have, at the least, an insufficiently large display area or an inability
to perform the required mode-switching. What follows, then, is conditioned by a prejudice in favour of
electronic display forms.

One generality, however, holds whatever display form is considered. This is the recommendation,
emerging quite forcibly from a growing body of research, that the human pilot should be treated neither

as a continuous servo-controller, solely, nor as a continuous monitor, solely. The former type of task taxes
musculature without adequately involving brain, while the latter type of task involves neither musculature
nor brain sufficiently to maintain an appropriate alertness.

To consider electronic displays, one first has to observe the normal Head-Up/Head-Down Display
distinction (HUD/HDD). It may often be desirable to have aircraft information dihplayed in a location
approximating that of forward terrain etc, and this can best be achieved with HUD. A HDD combining a
TV picture overlayed with guidance information can be used but denies the value of more peripheral vision.

Some claims that HUD reduces pilot workload arise, in a sense, from muddled thinking. A super-
imposed display can not naturally be interpreted simultaneously with the underlying real world view. The
pilot still retains an attent Lon-switching task in all but exceptionally overlearned situations (eg, about
the fifth and subsequent repetitions of the perfect ILS to the home field). Real claims about reduced work-
load should stem from the computing and CRT limitations which have forced designers to appraise more ana-
lytically just what should be displayed (but this applies to HDD too) plus a reduced need for visual refixation
and re-accomodation (head-down to head-up and vice versa).

The prime human engineering criticism of HUDs to date is their vulnerability to stray light.
Compared to HUDs, HDD's can be shrouded, can be provided with a wealth of field lens and hone comb filter
devices, and can not be impaired by dazzle sources at those critical shallow angles around 90 to the dis-
play face. In addition, they do not have to be so bright to make an acceptable contrast with their imme-
diate surroundings, so the eye is allowed to work in a lower light adaptation field. This in turn allows
a display of wider dynamic range head-down. It turns out, however, that desirable HDD's (eg, TV screens)
require development in terms of brightnes-i output.

A common criticism of HUDs is their limited field of view. Unfortunately, discussion of this
topic still rests on opinion rather than data. Fields of view of only 80 have been used satisfactorily
"in pro-production CTOL vehicles, and 120 - 150 fields are certainly usable in production CTOL.. Experience
so far with a military V/STOL aircraft indicates that a field of view between 110 and 200 (depending on
one's definition) is quite acceptable. Nevertheless, fields of view between 400 and 600 are often mooted.
Here is a topic to which research attention has long been overdue.

Conventional displays, once individual human factor problems had been attended to, could still
be practically illegible because of two main kinds of misdesign. First, there could be so many on the panel
that the average eye never got around them in the time available. Secondly, each could turn out, in con-
text, to be so overburdened with non-combinable information that the average visual cortex never arrived
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at the truth in time. Electronic displays are not generally offered on the basis of their ability to re-
duce saturation in the cockpit in the first, geographical, sense. They remain susceptible, however, (in
relation to the second objection to conventional displays) in that they can still display too much in-
formation. This is less likely to happen though, since electronic display elements are generally the re-
sult of some considerable calculation anyway, and this makes it easier to combine information sensibly
before displaying it.

One levels two main criticisms at electronic displays, 'clutter" and "coning of attention"
(although neither should be reserved for electronics exclusively). By display "clutter" one usually means
that a large proportion of the display surface is painted with scales, symbols, etc. By "coning of atten-
tion" one normally,,refers to a problem of fascination by a data-rich display which banishes interest in
all else. Conventional displaysv too, can be either too scribbled or too important to lose. In either dis-
play family, the underlying pvoblen is to select the essential and desirable information, and draw it
concisely and withodt confusion. In particular, with electronic displays care should be taken not to
overuse their inherent capabilities, and not sense-compute-display all the parameters in the flight dy-
namics text-book.

Few tactics exist for information selection. In the past, lists of information requirements
for conventional fixed-wing aircraft show little concordance in detail. Perhaps their conception has
been marred by a thinking too rigidised by what systems and displays exist now and what pilots happen to
have noticed about them. Similarly, pilot task analyses, pilot eye movement link analyses, the whole
practicable gamut of laboratory "workload" rituals, all tend to conformity because one can measure only
the here and now. It is a basic logical fault to infer the desirable from the present case. We are there-
fore left with the individual creative leap, usually met in the form of cautious trial and error.

Once the parameters to be displayed have been estimated (as in Chapter 5), two further major
compromises remain to be made. Systematically, the first would be to select the level of data sophisti-
cation, the second to select scaling values. Only then should one consider display symbol geometry. In
practice, the three go on quasi-concurrently, since no evaluation could otherwise proceed (not even the
1-test-pilot-oration method) if it were not to be almost entirely vacuous, By level of data sophistica-
tion, we refer to integration, inner versus outer loop control choices, and other factors as those pre-
viously discussed in Chapter 4. By scaling values, we mean the angular subtense, at the pilot's eye,
of an increment of the displayed parameter.

The more sophisticated the data level driving the display, the more remote the pilot becomes
from the source data, and the further he must regress in a failure case. There is research (Ref. 7, 8) to
suggest that the development of controlling skill includes a progressive ability to concentrate more on the
slower-acting ouosr-loops. If, however, pilots experience only displays which permit outer-loop decisions,
they are unlikely to be adept at controlling the higher-frequency inner-loop activities on which life also
depends. There is therefore an important "reversionary mode" training programme to consider. Without such
training, the pilot's adaptation to a failed system is a lengthy affair (Ref. 9) entailing any gain change,
then lead/lag equalization, then error input spectrum.

At the start of the Chapter we gave our view that conventional displays lacked effective sur-
face area. A consideration of display scaling usually takes aircraft altitude as the severest example,
and this will make our point. For here, the pilot may at times be interested in an accuracy of better
than 0.01% of full scale (eg 5ft in a 50,000 ft range). This can not be achieved safely by multi-indi-
cator means (eg the dangerous 3-pointer altimeter) and demands numeric, expanded scale, or selected scale
techniques. All are physically simpler for electronic display forms, given adequate computing. Note here
that displayable sensitivity need not be the same as controllable sensitivity. To continue the altitude
example, the pilot may need to know what is being left uncontrolled, say, to the nearest I ft, while he
does what he can about it only to the nearest 10 ft.

The display of engine parameters has apparently received much less research attention than
that devoted to flight displays. There is at least an undercurrent of opinion that for power plant and
thrust management electronic displays, again, might hold the future. Here, developments could reflect
recent trends in ground test equipment, where a large number of check points is quickly cycled through,
and the information displayed is limited to out-of-tolerance data only.

Note here that numeric indicators can permit at iast some rate appreciation, but a display
embodying, say,3 to 5 simultaneously changing numeric indicators can be very demanding perceptually.
Certainly, a low limit should be placed on the number of indicators grouped in this way. Note also that
some research (perhaps specific for each vehicle/operation) will be needed to establish how long an in-
dividual numeric indication must be retained for the pilot to be able to read it. Unsystematic obser-
vations suggest that a hold time around 0.7 sec before changeover may be sensible.

Something peculiar to electronic displays is their promise of pilot 's view si ulation (con-
tact analogue displays). This is such a fetching toy that people have tended to forget what proportion
of fatal accidents occurs 'An perfect weather at the home field. There seems no acceptable compromise bet-
ween clutter on the one hand (eg full-colour TV) and lack of cues on the other (eg height per•eption
difficulties), CRT line drawings of, for instance, mvjor runway linear features are abysmally inadequate
compared to the perfect view out, and even this view out has been known to need supplementation since
the first 19th Century barometer was used to assess height. This simple need, to be given better than
naked eye pictures, has in the past been adequately met by conventional dials. However, with the addi-
tional needs of V/STOL, these are likely to be almost totally inadequate. To offer pilots less than the
Wright Brothers had, that is, to offer the pupe contact analogue, is certainly not acceptable in the
V/STOL case.

On the other hand, to provide a reliably accurate real-world overlay may have a use. If, for
example, the linear runway skeleton referred to is on a HUD (and io not the primA landing data source) it

could be a transitory aid in showing the pilot where the real runway will appear. In the case of V/STOL
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aircraft this may be impossible because of the limited field of view compared with likely landing site
* & locations. The required overlay accuracy has not been reached to date, however, and in cly case a sym-

bolic display would be just as effective. Helmet mounted displays might alleviate this pi 'blem, but they
are fraught with problems of their own (of axis transformation, head position pick-off, etc).

V/STOL flexibility is bought at the price of two or so additional channels for the pilot to
have to control. Furthermore, the transfer from aerodynamic to engine lift during the lave app-woach means
that conventional stick or thrust controls undergo a marked change of use. Research is neeed to study
how well pilots cope with this situation, and also to investigate whether a more radical covtrol design
(eg separate translation control for each of the three axes) is justified. This could lead into some con-
sideration of crew complement; given a crew of two, one might conceivably attend to speed, the other to
flight path control, for example (Ref. 10).

In the final approach, V/STOL aircraft raise problems relating to mrternal view and cockpit
accelerations which have no exmct counterparts in CTOL vehicle operations. If the view down and to the
sides is much increased , as is desirable to allow visual cues to be utilized late in the landing, thoiN
the lines of the instrument panel edges no longer provide attitude reference, and this may have to be
added (by, for example, some form of windshield markings). As to cockpit acceleration cues, these are
for the most part unusual because of the low speed regime in which the aircraft is operating. For example,
noramal acceleration would scarcely increase due to incidence changes and stick forces might change impar-
ceptibly with airspeed. The lack of these cues requires that several information parameters receive
different emphases to the CTOL case.

7. SURVEY OF CURRENT V/STOL DISPLAYS

W . An attempt has been made in Chapter 5 to establish the information that must be displayed
to the V/STOL aircraft pilot during instrument approaches. The current practice of displaying most oi
these parameters on separate instruments on the panel leads to considerable human factor problems and
pilots report an extremely high - if not intolerable - workload.

It is not sufficient, therefore, simply to ensure that the data is there somewhere, it must
be displayed in an ergonomically acceptable fashion. This leads to the combining of several parameters7 into one display area or into one single combined element. The latter approach, typified by replacing
an actual and a desired parameter by a display of the error, can be a powerful technique if used with
caution. In general one talks of "combined" displays where separate parameters are closely co-located
and "integrated" displays where severail parameters can be observed or deduced from the same display *I*-
ment. The display designer should work closely with the systems designer to ensure that the best use
is made of these different techniques. Nothing is more unproductive than an arguman,• between entren-
ched protagonists of "situation" displays on one hand and "director" displays on the other. Both could
be needed in a difficult situation. In the following discussion it should not be assumed that the details
are applicable in every case - they are merely illustrations of the possibilities that exist.

The human eye, absorbing information from the outside world, sees everything in angular teor
and the single eye has no "ranging" ability over a few feet. Even with two eyes the range-finder effect
disappears at a surprisingly short distance and range is deduced from a combination of previous history
and the change of picture with dynamic movement. Everyone is familiar with the misjudgement of size that
occurs in fog and the apparent nearness of very distant scenes when the atmosphere is abnormally clear.

In a visual landing, therefore, a pilot is fairly confident about the angular placement of
various objects (including the ground) but he is remarkably deficient on judgement of range and raw-ge
rate. This is shown in conventional landings by the large scatter of touch down points that occur even
when the pilot is provided with height. If the outside scene is somewhat deficient tn detail (as at night)
the situation can (and unfortunately sometimes does)become fatally dangerous. it is possible, however,
by choosing different sets of axes for a display, to present certain mremeters in a form that peorits
visual judgement of quantity. Thus a forward looking type of display (Vertical Situation Display), ana-
logous to the normal view, has difficulty in conveying a sc.is* cf range but a plan-position view (Hori-
zontal Situation Display) conveys it admirably. Similarly while both of these can not convey height direct-
ly (although some ingenious but tricky techniques have been used with the VSD) it can be easily done by a
sideways looking display (Profile Display). A survey of d~splays which have been used experimentally or
proposed for V/STOL work shows how different designers have attempted to solve these problems.

The displays considered here are only those concerned with the landing-approach of V/STOL
airplanes. This means that other types of displays, such as engine, navigation and tactical displays,
are disregarded in this chapter.

ror the survey a division in three groups has been made:

a) Separated vertical, horizontal and profile diaplayr
b) Perspective displays
c) Combined ver~ical-horlzontal displays.

7.1 Separated displays

These displays make use of a conventional cockpit-lnstru~ent lay-out somatitas together w.th
a moving map.

Several concepts have been investigated in flight, including a combination of a conventions)
attituda director indicator (ADI) with a cross pointer type horizontal situation indicator (HSI) evaluated
by NASA with a helicopter not equipped with artificial stabilization rquipent (Ref. II). nhe ADI provided
indications of the roll and pitch attitude and the glide slope deviation together with a control-coand
(flight-director) signal for course control. Small vertical-scale instruments presented airspeed, ground

•'____,____I
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speed, range and height. The flight tests were per'formed under simulat'.d INC along a 60 Slide slope at aom-
stant speeds of 30 and 60 knots. Approaches at 30 knots to a 50 ft broak-out appeared to be possible for akil-
led well-trained pilots but the workload wav considered to be quite high, even during these osctastt speed/
constant glidepath approaches. Improved stabilization night have alleviated thin Droblem. The operational
suitability of the display tested ii, however, doubtful.

NASA repeated the sane type of evaluation trials with the display shoon in fig. 5 (Ref. 12).
The difference from the former display is primarily the replacement of the cross-pointer-type instrument
by a moving map display. This change had a favourable influence on pilot opinion, mainly because the Uo-
ring map gave a direct indication of heading with respect to the landing site. Changes in scale of the
moving map appeared to be necessary during the approach, but it was found that pilots were able to adapt
readily.

The same type of display system was tested during constant speed (45 knots) simuý 2ted INC
approaches (60 glide slope) in a helicopter equipped with a stability augmentation system (Ref. 13). The
ADI was,in this case,fitted with a vertical needle indicating the cowsmanded roll control position. The
results indicated that the pilot could perform acceptable approaches, but the flight dirictor indicator
required considerable attention resulting in the pilot having some doubt as to the overall status of theappoah.

The same aircaft display system (complemented by a normal ILS croaspointer indicator) hasbeen used by NASA during deceleration approaches to an instrument hover along a 60 flight Pat, (Ref. 14).
Hovering trials under simulated INC during this progr am indicated that the accuracy with which the pilot

was able to stay over a desired spot depended heavily on which displays he emphasised. Using only map ,;nd
altimeter resulted usually in aborts with excursions exceeding several hundreds of feet. In other tests,
with the pilot instructed to share his attention between the directors and situation displays the accuracy
was only half as good as when the flight director received full attention. In the latter case 1:he accuracy
was very good with the pilot able to hold any point of the aircraft within a 35 ft diameter circle almost
indefinitely. Fig. 6 compares the resultc obtained in INC with those in VMC.

It is difficult from the above trials to sort out how much benefit the essentially hortizoatal
director display derivu from being superimposed on the attitude situation indicator. but improvement of
flight director and situition information integration is necessary. Also the fllht-diractor logic needs
refinement. During the decelerating trials the pilots were found to be ignoring director demands if they
called for large pitch attitudes which indicates that certainly monitoring of the situation inforimation
took place. Would these limits have been tightened if the attitude display had buen separate frm the
directors? Despite the excellent performance on dire.ctors and the deterioration when situation scanning
was added the pilots expressed a lack of confidence ii) directors alone. Flight-director information is,
however, thought to be essential for performing approaches to a hover at the pad.

If the information presented by the two instvruent displays described above is comparod with
the informatior required for INC-flight (see Chapter 5) it is found that most information is present, but
in so•mn cases implicitly. The difficulties encountered in controlling the helicopter originated partly
from display lay-out deficiencies and partly frov the vehicle stability characteristics.

Profile displays, in which the sideways view of the oituation is given, have not been exten-
sively used or tested. However, work has shown (Ref. 15) that thih type of display provides useful situ-
at'on information to Support or confirm guidance information which the pilot receives frws another source
(generally the flight director). By providing the aircraft symbol in the Profile Display with M flight
vector pointer it is theoretically possible to uoe this as a flight di.ector in t0,4 vertical plane but
problems of scale tend to offset this capability and the display is prmAbly beat considered as &n ancillaryS~situation display.

7_1 4Parspective displ•ys

Several types of perspective displays are p-oposed and some have k.*en tested during approaches
in hellcoptera and in ground-based simulators. Moat of them give a syrboliro vOew of the outside world
as viewev by the piLot from the cockpit, sometimes complemented by a pathway in vho sky (rig. 7). For
a weo co0tplete review of perspective displays reference can be made to Ref. 16.

SA conclunion of a NASA-tested contact-analog display in the landing appr.ach (Ref. 17) was
that.: '1despito the deficiencies in the contact-analog pnesentation the pilots were of the opinion that
the combined pretsentation of attitude and guidance Information in a single, perspective formt reprasentad
an improvement over the separated vertical- and horizontal-situation presentation of tVo of the displays

* .previously tested at Langley Research Center".
This emy illustrate the usefulness of combined vertical ar.d horizontal diaplays. It is, however,

dubLiou whether a perlvpectve display is the best way to prsent this information. For instance, the

Judgnment of altitude Light be difficulz, as mentionoed in Chapter 6. To quote a US. Navy sixulavt•d exarisa
(Ref. 13):

"Subjects had d~ifficulty in judging vertical position even under conditions in
which range to t'uchdusm was held constant and subjects ware given unlimited tim
for riking the adjust-ents".

NASA, in an effort tI study these problems further, is now in the process of developing a sivw-
lated "real-world" display using ox S-61 test helicopter. The objective is to detertine what real-world cuas
are needed to perform a deceleratho and landing. A TV-picture is taken from a standard sivilator model
terrain. The necessary information t- controlling the ground based TV-carera above the modelled terrain
is nartly telemetered from the ahrcr2,t and partly obtained from a ground-based trackinig radar. The plc-
ture is broadcast to the helicopter an,ý displayed on a monitor. The use of glide-vlope and touc~hown-po-



sition symbols in the model terrain is envisaged. The interplay between handling qualities and displayF requirements will be investigated by varying the artificial stabilizer characteristics.

1 .. 7.3 Combined displays

•[ From the work described in Section 7.1 there is clearly a need for a display which combines
N some form of director with the horizontal and vertical situation so that the pilot can mcnitor the one

with the other. There is, in fact, much evidence to show that a pilot will judge how closely he needs to
obey the director commands by reference to his situation. This is not an undesirable state of affairs,
provided it is used with caution, and can contribute greatly to easing the overall workload.

£ In tha following types of displays the horizontal and vertical situation information has been

combined in order to shorten the scanning cycle of the pilot in carrying out this cross-reference. One
attempt to combine vertical and horizontal displays is that by Teldix (Germany). Being largely an olec-
tronic display ,different modes can be selected for navigation, approach and hover. That shown in Fig. 8
is the hover display which is principally a horizontal display with vertical information added. Th'i main
features differ markedly from the NASA display (Fig. 5) and merit comparison. The AD! used in the NASA
trials was entirely consistent with VSD principles. Even the horizontal cross pointer was virtually a
pitch director since in the helicopter range-rate was controlled via pitch. In the Teldix display, however,
there is super imposition of a straightforward VSD (aircraft symbol, horizon, glidepath zero-reader type
"cross pointers) and an HSD (compass rose, truescale range circles, landing pad). In addition, there is
shown a very important parameter - the ground speed vector, represented as a line of variable length
pointing in the appropriate directiun. As all of these are given as abstract symbols the pilot has to learn
to disentangle the information appropriate to each axis. This paxticular display has not yet been flown,
buc extensive ground based simulatcr testing has indicated a degree of feasibility (Ref. 19). The results
of ten pilots carrying out 100 completely blind landings are shown in Fig. 9 where it is seen that most

touchdowns were within a circle of 5 metres radi':s. Of course, the limitations of a fixed-basv simulator
without the psychological effects of real flight have to be allowed for and such results would nee, sub-
stantiating in flight trials but they are, at least, encouraging. Even making allowance for the difference
between simulator and flight tests it is interesting to analyse the success ef hovering with the Teldix
and NASA displays. The NASA experiment using a moving map alone was unsuccessful whereas the Teldix dis-
play and the NASA trials with flight director were successful. The answer most likely lies in the pre-
sence of the speed vector which is shown explicitly in the Teldix display and is implicit in the cross-
pointer (fed by ground speed deviation and pitch attitude, that is, short term ground acceleration) in
the NASA ADI.

An interesting conclusion reached by Teldix was that the expected confusion between horizontal
and vertical type symbols did not materialise. The limitations of ground-based simulation may be of par-
ticular importance in this area, however, and more work is needed under flight conditions. The actual
cha-acteristics of the display symbology are also very relevant in preventing confusion and the basic
'u ale of avoiding clutter probably takes on added importance.

tig. 10 has been proposed f(rom a background of experience with a display for helicopter sta-
tion keepern but has not been tested, and rFig. 11 has been evaluated during a fixed-base simulation of a
helicopter and a fan-in-wing VTOL aircraft.

The results of the tests with the latrer format (Integrated Electronic Vertical Display) k.howfd
that IKC steop-angle approaches and landings are possible. It further appeared that the effect of approach
mode variation was minor. Therefore, a parabolic made was recomwended because it offered increased terrain
clearance in the terminal area.

The head-up display shown in Fig. 12 is currently operational in the U.K. harrier V/STOL air-

craft but it can be seen to be lacking in horimortal situation information. This is because it has not
boon designed for INC. Co.bin•d displiys, however, covering this case have been pmoposed by RAE and are
shotn in Figs. 13 and 14. Those follow different guidance philocophies in an attempt to determine the
beat line to follow.

rig. 13 gives the so-called "guidance" ?'UP proposed by RAE in which two elesents are muppleman-

ted to the HUD of Fig. 12. One Is a trapezium which in driven vertically by a function cf range and range rate.
When the trapa.zium coincides with the aircraft synmbol the aircraft is decelerating correctly. The horizon-
tal displacorent of the trapezium and the pyreid lines show the relative 1:earing to the landing site.
The pyramid is further driven in the vertical ple.ne by height and height rate and is used as a flight
diroctor for height control. Depending on whether the aircraft is wlngborne or Jetborne the pilot reacts
to this corMnd by using either his control stick or throttle as appropriate. Simulation trials have been
successfully ccapleted and flight testing of the display arrangement in a Kestrel aircraft is planned.

The "control director" HUW (Fig. 14) follows another philosophy. The irange in oreatiho of the
former display haa b"en substituted by symbols showing coo~putad throttle error and thrust deflection analeI
error. Simulator studies have shown that pilots can perform an accurate transition by the us* of the dirac-
tore. The pilot's onrkload appea to be very ouch reWuced by the autoatic computetion of The inter-
change of roles of control colt&-n and throttle in a transition. An unravourable effect of the dlrector dig-
play, which Is well-known, appeared to be that the pilot was not copletely aware of the true power manage-
ment and flight Information. The preliminary resulti of the simulation show that eaxperianc-d WVOL pilots
prefer the "guidance" display while others tend to -cvur the "control" display.

An atvcpt to combine both vertical and horizcutal information iii a he•i-ýown display proposed

by RAI is shwn in rig. 15. EMis shows a basic sisilarity to the Teldix display but ther' has beon a signi-
@ ficant elimination o! the cross-pointer vertical and lateral commands. Inste., there is a srerate rate-

of-d~cent and requird rate-of-descent scale ar'd a purely stluatbmn display of lateral error. i•-'vetr,
I the speed vector liia thas b-en given greater prmuinence and is scaled so thet when it is tuperiapobod overor near the landing pad symbol the aircraft in being de-ele~rated at 0t4, appropriate rate. This display is
inter46d to perrit coosidirable, fro~dco of choice by the pilot in 0•,e flight proftll he ad4opts in getthag



to the pad - an important V/STOL capability which, if correctly used, can reduce total pilot's workload

considerably. So far, however, this display has been put through simulation tests only.

7.4 Comparison of displays and requirements

Comparison of the required information in IMC-approaches as stated in Chapter 5 with that
given in the dinplay forma-ts discussed above shows that some of the newly proposed types fulfil most
requirements. it should be remembered that most of the displays considered were tested on helicopters
in which angle of attack and sideslip limits are not stringent. This is the reason that some of the
displays lack information on these quantities. The mass of information to be absorbed by the pilot,
usually in different axes, tends to demand an integrated or combined display. There seetas sufficient
evidence to indicate that it is possible to combine both a horizontal and a vertical display In one for-
mat although the actual display nature of any particular parameter depends on the characteristics of
the aircraft, whether the display is head-up or head-down, etc. The difficult element appears to be
height situation which does not lend itself to either HSD or VSD. Further work is needed in this area.

Before discussing detailed aspects, something should be said about other limitations of the
"assessment conditions under which most of the displays mentioned in this chapter have been tested.

7.4.1 Limitations

Important conditions are:

- the number of test subjects. A very limited number of pilots can not possibly represent the
pilot population. Furthermore, results obtained from trials with test pilots can be very different ftom
those obtained if squadron or airline pilots are the subjects.

Sthe "test-vehicle". It is generally appreciated that simulation, especially fixed-base,
can not represent the final V/STOL phase adequately. Even flying "under ltae hood" with a safety pilot
aboard is definitely not the same as flying alone uider adverse weather conditions with a V/STOL airplane
into restricted sites. The discussion on trade-off ijeteeen control and display sophistication in Chapter 4
includes the point that conclusions drawn for a particular display are in actual fact only valid for the
vehicle-display combination. This could also mean that the design of general purpose displays is unrea-

* listic.

- the task and its measurement. The task prosented to the pilot should make full allowance
Sfor the inherent flexibility of the _VSTOL-aircraft. A proper yard-stick for evaluating the performance

of the system might be, for instance, the measur4ment of the possible variety of approaches.

7.4.2 Attitude Control

In all the displays outlined above there has been a presentation of aircraft attitude. The NASA
helicopter by the nature of the test vehicle could control forward speed only through changes of aircraft

attitude and the demand was fed onto the pitch director. Similarly, course guidance was fed onto the roll
command bar. The role of the attitude situation display was then purely that of a monitor enabling the pilot
to keep his respopsen within limits which were dictated by his knowledge of what was safe under the height

and speed conditions. Vheoretically this limiting condition should not have arisen if the pilot closely
followed the directors though the approach. However. the tendency for a pilot to do one thing at a time

S(ag change spjxed or change height) means that errors in one channel can sometimes build up. if, for example,
ground-speed errors occur, perhaps aggravatod by a tail wind component, dewanding an attitude that the pilot
is vnhappy with, and ha limits his response, the error can possibly increase still further. He may actu-
4aly be decelerating, but only by r"ference to the general horizontal rx'tuation can the pilot judge whether
he is likely, in the remaining range, tc decelerate sufficiently. His judgement in this respect is greatly
aided by the co-location of plan position znd speed vector. If the speed vector line is not shortening as
fast -ts the pad is moving towarxds his present-position symbol, then he will not make it to the hover.With
wany odvanced V/STOL aircraft it is possible to decelerate without altering attitude through the use of
thrust vector direction controls and the pilot cin control forward speed as an independent parameter. Linder

. .these circumwtances he would normally keep the aircraft attitude at zero or some other cotstant angle and
the display should simila•rly separate out the elements used to convey information to the pilot about these
two ;*parattu functions. Nevertheless, inadvertent attitude change,. can atosr the forward speed and, hence,

interfere v'ith the speed control. It is. therefc.re, desirable that these changes be kept to a minitum and
the display of attitude should continue to ccupy a fairly central position.

7.4.3 Height Control

Attempts to display height inforrmation on a VSD or HSD or a combined VSD/HSD have been ingenious
bit hardly elegant. They range from separated elarents such as numbers (rgs. 17 and 15) and scales (Fig. 16)
to integrated elements such as pathways (Fig. 17) ot- "telegraph poles" (Figs. 18 and 19). The two last named
are, of coursea, not situation but error displays and require further support to give actual height (eg the
reference h 4 ight pole in rig. 19). On occasion the need for height itselt may be partly psychological but
thie is not uniuportant and the desig.,er should assess very carefully the total need before opting for one

oi another of the various typea of display. In general, it can be said that height in an integrated display
is a very intractable parameter and further research is needed in this area.

7.4.4 Lateral Control

Inforitiin for lateral control is fairly eoaily displayed, in both director or cituation form,
since tither can be represented in a VSD or an H{SD foaavat. The practica seeos to be tc present director
inforation in the vertical form (as in a conventional flight director) and situation in a horizontal
form although there are exeptions. As was pointed out in Chapter 5, with a wind perpendicular to the
dersird traock, an aircraft constrained to fly along a fixed course-line could and up pointinv at 900 to
the track and a simple display of coupse line deviation becoues meaningless or confusing. rF this reason
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a situation display based on a horizontal plan position format is to be preferred. If wind direction can*
also be shown then there is a great improvement in the state of knowledge of the pilot.

•s 8. P-JVANCED DISPLAY TECHNIQUES

Consideration of the discussions of previous chapters leads one to the conclusion that conven-
"tional displays (le inalvidual electromechanical instruments) do not have the fiexibility required for
the V/ST0L approach and. landing case, but will still be useful for thelpresentation of information that
does not change its requirements throughout the flight. Fortunately, advancements in display techniques
(not particularly aimed at V/STO) promise to alleviate this problem.

"Electronic displays have entered the cockpit for several reasons. These include:;

- the necessity to display complex information to the pilot (decreased space and scan
cycle in comparison with mechanical displays)

- the desirability of time sharing (decreased spac6 and complexity in comparison with
separate singli-mode displays)

- the incieasing requirement of electronic head-up sights for sophisticatad nay-attack
purposes,

Before describing the state-of-the-art and the interesting features of sbme promising new
electronic display techniques it mignt be worthwhile to note very briefly some of the general require-
ments for cockpit displays. These include:

Brightnass - readable in approximately 105 Ix ambient light conditions.

- dimmable from maxiim tO 0.5 cd/um

Resolution - 100 lines/inch for moving symbols

3 milliradians for characters

Accuracy -entirely dependent on displayed function

Life - at least 10,000 hr for entire display desirable,but at least
1000 hr is usable

Power Efficiency - minimum increases in electrical power demands over present level.

The interface, storage and character generation devices depend on display techniques used
and will not be discussed here. Where necessary special requirements will be stated.

The cathcde ray tube dominates the electronic display field. This device is well documanted,
it is economic and has a fairly good performance. At the present time it is fair to say that no other
display technique can challenge the CRT in terms of speed and cost and its characteristics are such that
it can satisfy most of the requirements 4or brightness, rosolution, accuracy, ctc. The large tube volu
and its vulnerability and high power requirements are some known disadvantages, however.

There are some principal characteristics of CRT displays which deserve consideration. These

are: (1) the method o, drawing the picture, - stroke writing or raster scan, (2) the method of deflection
- •lectrostatic or electromagnetic, and (3) the nature of the deflection amplifier - AC (tuned) or DC.

Stroke writing (sometimes call! cursive writing) defines a technique whereby the electron
boom of the CRT actually draws only the line being displayed, whereas by the :-aster scan technique the
total screen is filled with an invariable pattern of lines, the brightness of which is controlled to pro-
vide the required symbol or picture.

The advantage of stroke writing is the relatively leý. writing speed required with a conseqvwnt
high brightness potential. Deflection by means of DC-amplifiers for the production of complox pictures
can be very domanding of power in an electromagnetic deflection system. An electrostatic deflection
system does not require high power, but it does demand a long cathode ray tube with attendant Inutallation
difficulties. The addition of shading or a TV-Nackground,plcture is impracticable at the prerent state
of stroke writing technique unless one uses a combination of AC-deflection for the 1V-plctura and DC-da-
flection for stroke writing In the flyback perlcd. This still gives rise to considerablo difficulties
for airLorne installations (See for example Ref. 25).

The raster format has the ability to draw full pictures. It involve, a more difficult crcuitry,
however, and is lower in brightness than the stroke writing displays. Characters have to be forTmd within
the fixed raster and this, in general, leads to over-simpllficatlon of the sjcmbols drawn.

Multlcolour displays can be used for information coding in the cockpit. Currently ther a are
two techniques in use. The s metted phosphor using one or more gunr and an appropriate beam directing
technique, and the multilsyer phor with-either two guns or bean current modulation on o,.t gun. Both
techniques result in a considorable loss of brightness. Certain other CRT techniques being explored In-
clude: (I) the use of a mixture of phosphors whose output versus beam current is norn-linear which can
produce colour changes with different current densities, (ii) miniature tubes and Schmidt projection
systems which hold promise if they can be made small enough, (Ill) the flat CRT such as the Gabor tuba
and the digital scan TV displ•y which are currently in the research stago, (iv) coebinations of a CRT and
a moving map display.



/Laboratory tests have demonstrated the feasibility of making three-dimensional and stereo-
scopic CRT -displays. These are, however, for from being used in tne airplane cockpit and tIteir necessity

- 4 remains to be proven.

Special contrast enhancement techniques have býeen employed and further developments such as
polarized and fibre optic faceplates end the use of special meshes and m.ilti~.ayered phosphor' (so-called
opt~.cal diode) are progressing.

4gn emitting diodes (LED) have been used in solid-saemti ipas eea typeso
diodes (ga~llimpohde gall u-arsenide, etc) have shown promise even Iir the presence of very high
ambient brightness levels (> 106 lx). Flight instruments with varying scpl.es are possible due to the
miniaturelsize of the diodes. Their vide viewing angle, their small mn.ýnting depth, their reliability,
their storage potential and their n'.atrix construction which permits direct digital addressing of the
: panel contribute to the advantages of these devices.

~'~ VDisadvantages of light emitting diodes include d serious heat dissipation problem, the fact
~~ that the light is principally red and their efficiency in other cdlours is diminished, and the overall

~~ high cost and cinaplexity of any significant display area.

A liquid crystal display uses materials that have the physical properties of liquids, but
change their optic~f poperties (light reflection) when they are subjected to various stimuli such as

.V heat, a magnetic field, pressure, ultraviolet light and an electric field. Three different phases exist
which are tei'med: nematic, smectic and cholesteric. The nematic phase is the one used in m.st displays.
The crystal is placed in front of a mirror to achieve a pseudo-reflective system and since the effect
:of the application of voltage across the electrodes is to vary the transmission, th^ ..cntrast of the
display is independent of the ambient light level (the brighter the light, tht brighter the display).
The visible pattern is determined by- the physical configuiration of the slectrodes. It appears possible
to drive a liquid crystal display directly from the computer-loga4 - Dcause very little power is involved
and it~ has attractions because of its storage potential. This facility might prove most useful in air-
craft warning displays. However, there are problems with temperature stability, method of addressing
(particularly in the TV case), life end a response time thtjt is too s'.ow for rapidly changing displays.

In the plasma displ~y use is made of the salt-luminnus effect of a gas-discharge. The visible
glow assumes the shape o7 tho electrode and can in principle have any form. Two formats are used: t..
fixed format in which the elements are shaped to form a special image (such as a part of a number) an~a

*the flexible format which forms a matrix type display. This technique also has the attraction of inherent
storage capability.

It has bean shovr, that AC and DC driven fixed-format displays are possible, of which the DC
5. ~~~system in conhiderably advanced in davelopenw~t. For matrix-tp ipasol Cssesapa to be

useful. There are problems in the field of manufacturing tolerances, lifa tin- and vo.iting reliability
and in addition to being expensive mnd requiring a large numb~er of driving lines, this technique suffers
fiom gradual darkening caused by electrode bombardment. U~sing external electrodes can ov~rcoee this problem
but raises others. The idea is promitsing, howjever, and deserves encouragement.

* Electrolumineacint (EL) displays use a phosphor, such as zinc sulphids, which is activated
by an AC voltage. the pývosu or is d,ýposited bervban two conductors one of which has to be transpa~rent.
Activation cani be achieved by using a crossed grid in which each point is spocified by activating the
appropriate lines 'nai two to-ordinate axces. Power ccmsuisption is low. Several disavantages such as a lack
of adequate contiet poor vesoDlution and a short service time praicluda the ule of large EL displays in the
cockpit. Applications for annunciators and other small-scale diLpla,!s are possible, however.

1 No main types of laser displays arts baing drvel4ope tht scanning laser and the holograph.
Scanning laser' displays ares aIT very vetch in the resedarch stage, but they have potentials fee a sub-
stantitl impi-ov~ement over CRT's especially in brightness and contrast. Color-scanining lasers are ,oasible
in principle.

vIlogjraphy is a new scivr~ce, which looks very promising. It in poosible to display any type
* ~of three-dimensional picture and, for th-is reason, thiv displa) -technique might be very useful for landing

in IKC. A few ,Iypes of 3-pecial purpo~n holograiphic displays are at the 1Laoratory stage, but probleml such
Y ~an high power coritumption have to 4* overeceo before this technique can bet considered practicable for air-

borne use.

In su.-xary, it can be ccvirluwed that there are rtiny and various lines of research and dev4ýlop-
sent which can bo exploited for advamced vypes of V/STO)L d'teplaysy. The fact that they are not being do-
veloped exclusively f.r V/STOI. aircraft usý t% immterial tince the Working Cr-oup ham found little difference
between the demauds for advanced display ttchnology in V/STOL and CTIOL aircraft.

~ '~ 9. COKCLUSICNiS

To exploit effectively the ihherent capa~l~ities of VISTOL aircraft, instriment approaches to
litr~ing in confined areas otust be possible. noi deliberation3 of the. Vorking Q~'up have in~dicated thzt
technology exists to prenent the pilot with almoist any information, but displayn currently in use, however
sophisticated, do not allow~ the pilot to accouiplish this task. Nlow best to eo this and with what mixture
of manual and autcaatic control is not envtirely clear. Ilut this report 'has okttempted to focus attention
on various aspects of the problem, to review the current situation and to onutline futura poesibilitit.a

Fraa study of the effort being devtotd to developing displays and fm.w diacuasions velth
pilots ar4 engineers wAthin various NATO countries the g-rneial conclusions reached by thiz Qo'kng~cup
are.,



1. Rescrictioni of V/STOL approach profiles to long straight segments will be expensive in fuel and tac-
tically inelegant. In order to enable the pilot to accomplish mar's flexible approaches he must be pro-
vided with information in addition to that normally presented in conventional aircraft. With the in-
creased number of parameters requiring pilot attention the potential gains in both performance and
safety fr~om presenting the information in the cleanest and simp.lest fashion are much greater in the
V/S'TOL case.

:.;J' X2. Automatic stability augmentation is certainly within the stitte of the art and should be used, preser-Af v~ving pilot attention for those tasks which can be automateid less efficiently.

3. Conplete automation of flight control ia V/STOL aircraft is considered to be (n an exploratory state
ankd not to be optimuam with respect to cost-effectiveneas due to limitations of technology (navigation

.. ~7k..~a-ids and aircraft control),* to payload considerationa and to the restrictions of the operationa~l en-
vironmeent.

4. i.,sen w~ith the foresaeable advances in gudne control and display it is ne~t likely that V/STOL instru-
iment approaches to touch-down will be practica-nble in the near future.

5. Even though the utilization of director displays can improve the performance of a pilot in specific con-
trol tasks his confidence can be under'Ained if adequate situation information is not provided as well.

')~ . ~6. The rsksss of information to be ahsorbed by the pilot, usually in different axes, poses peculiar proble-ms
in the integration of information and implies the use of combined displays. There is evidence to indi-
cate that 4t is possible to'combine both a horizontal and a vert~ical display in one format. The most
difficult element to incorporate in such displays appears to be height information.

7. Due to their limited versatility,conventional electro-mochanical instruments do not have suitable
characteristics for, the V/STOL approach and landing case. Existing electronic displays and the ad-
vanced techniques being tested in laboratories and simulators hold no"e promise.

B. Techniques of engineering displays for conventional flight appear adequate to present the information
required for V/STOL approaches and no 3pecial development appears to be required.

9. To ensure that guidance systems procured are adequate for future needs, sore relevant operational re-
quirements should be developed.

I10. IDue to the deployrsnnt of V/STOL sirroreft to dispersed areas their avionics equipment MUST possess a
higher reliability than is the cAse for such equipment in conventional aircraft operating from main

*bases. Consequently, the design should be as simple as posusible uhile still providing the essential
functions. The tendency to devise elegant And sophisticated displays simply because the te~chnology

exists musat be resisted.

11. Whethler the information is presented head -up or head-down is not a matter of pr-inciple in the V/STOj.
case. It is Strongly dependent on other circumstances such as the existence or not of a head-up die-

~' play for other misaian purposes.

12. Apparently very dissindlar displays can be shovn to contain very smila inor ,to ant i 'o
bable that the details ef symbol gecrotry, for oxample. have a secondary effect only. It is zone ins-
portant to get the intrinsic informat-ýon correct t1han to follow slavishly any given presontation for-
mat.

10. RECGO NVATI0)t1; FOR FUTU)RE RLSEA$Ct ANDW DE1101KDEK

nicTheegroup marber: after extensive discussicins anong thcasilve% and coesultationn with tech-

nic~ *" ts nd estpilts.rake A strong plea for the develop-_nt of displays which t~Ake advantage

of te fll fexiilit ofV/STOL. hxWkii -u r o teptlozpcftodtaedptrv
ofdisplays, but. rather, has olTered guidel~nes with regard to th. detailed information content and the

!signed with Inadequate regard to the kziderlyirig pr.~ncipluv. :t is tiopv~ that this report will help to

r-ctify this position, Neverthelecss the IVorkinr, Qý7up feels thst there are m*sny pr'cbloas outstanding,
and r~cwmends the follweing items of work for serious cconsideration:

1. Fur~ther stud-ie, contered around the proS.able eptistus raixtur-e of dinplays and suto..stic coa*rol should
be carried out to improve the knowledge of cost-*f fact iveness in this area.

2'. The necessLary inter action of operational experience and nev display design appears to *xict by chance
at present. Appropriate steps should be taken to Improve this interchange of irnfoiuat~on. partitcular-
ly In view of the rapid growth of technology in this area.

3. A better appreciation is 7.e..'.*d of the anount ot effort and attention a pilot devotes to the stabili-
x~stion of a V/STOL aircraft.

4. K4ulti-axis mathewstic:al inndeli of pilots are ne*eded 1"ecially for low frequencies covering the regionI
of Interest for mano~euvring flight. N~otion* of ?,i&her frequerncy are more efficiently omestdby an

S. Research is needed to study how pilots are able* to c"p with the chanýginzg effects of variousa controls
thr-oughout transition and to investigate whether mare r-adinal control designs (eg seoarto t naslatio-

nal control for each of the three &xes) are justified. And in tum there sboald be a closer Integra-
tion of the detig- of both control. and displays.t
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6. The range of possible approach profiles (eg minimum fuel,minimum time, maximum descent rate, etc) for
specific aircraft shculd be examined in detail before displays are designed for such aircraft in order
to establish limiting conditions.

7. Approach and landing under high crosswinds poses particular problems for V/STOL aircraft. Theoretical
and flight investigations in this area should be carried out as soon as possible.

8. Techniques of using curved approaches (both in plan and elevation), which could be useful for obstacle
clearance and in many operational sittsations, should b4 investigated.

9. The determination of accuracy and range requirements fov' a tactical aid should be established bearing
in mind the flexibility of V/STOL aircraft and the possibilities of novel displays.

10. Sensors working with adequate precision in the regime of low speed flight are needed.

11. Some technique io needed of establishing beximum available ,rust innediately before final descent
without disturbing the existinR flight path. Where multi-engines are involved this recommendation
may be especially difficult to satisfy and special techniques of measuring and displaying engine
health will be needed.

5
12. The generally accepted environment of 10 lx ambient brightness poses considerable difficulties

for ncn-mechanica-i displays. Trials and analysis should be carried out to determine how relevant
is this particular requirement.

13. Human factor research should explore the limitations of numeric displays under high wor,(load environ-
ments. In particular some assessment should be made of the number of numeric indicators which can be

managed concurrently, and of whether indicator changeover and hold charac'eristics are powerful para-
meters.

14. The display of height infomatioo is particular'ly difficult in combined displays and special attention
should be given to this problem by the display engineers.

15. Should HUD turn out to be the elective display, some rigm-ous assessment is needed of field-of-view
requirements.
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• indicator• Display Driving Functions

No. Nam Elem.nt Situation Guidance

Artificial Horizon Bar Pitc'h and Roll
Attitude

Vertical Hor'izontal Pointer. Pitch Angle for Airspeed
I Situation Control

Indicator DMoving Tab SlDpg Dvation

Cursor Sid'e Force,

Moving map Complete Map Hleading w.r.t. Lattrai DevIation from2 ntCourse to Landing lning Site, Range to
- . .. t.c... ..o.. s ite aand i g -S te .

3 Air "eed Indicator Cursor Airspeed

SVertical Speed onor Vertical Spi nA
Indicator

Altia0eter Vrticai Scale Altitude ralctiv6

2 Co(Fine) to Landing Site
sSTriangle 50 ft Brdak-out

Atimater Vartical Scale Altitude relative to
6 (Coa5sto) Landing Sit .

7 Torqueaetar Dial Applied Rotor Torque

Test Program hIlicopter simulated IFR landing approaches at 60 glide slopes by 3 research
test pilots.

Main Conclusion Moving map instrum4nts are easy to interpret, scaling changes are necessary.
moving map and altimeter are insufficient for hove•ring.

Fig. 5: NASA Moving Map Instx'uaunt Display (from Ref. 12)



7;: r
IT 28

E
C

I I I I

*

I
I -I o� 1-4

0.

-I

_________________________________________________J
0

8
#

1

E -__________ �io

-4Eo

Q C I
I - -4

_______________________ �1

4�

N0 1
_____________________

_____________I V

�



P.rr, --

29

H~EIGH4T HEIGH4T A~WYR.

to- 0

'Is 8-00

0- 00 4-0

6- 00 6- 0

* 0 0

Indicator Display Driving EFunctioova

No. Name Element situzation IGuidanea

Horizon Line Pitch and Roll

Attitude____________

~ Q ound Gr'id Longitvdinal and
L~tar4l Qrownd-

1~ Analog
Dislay Vertica Anrica Wtaxle Detiviatltin

2 Ai: n di) , toLdu St

Altimter Vortiee1 Scale Altitude Rlelative

(Coal-so) to l~ading Site
6 Sli Ind--catr C.soilSide ork-O*

7_ _ _ _ Tm-_________Dia Applied Rotor Torq~e

Tolt frmg'ex H4elicopter in In~ ILaudinS-*pprockhea at 60 Slid*. *lope. by 4 raeaexuch

toot pilots.

Mia~n Conclusions.: The per-epeetivo forwat repr'esents an 'wWOvc-V*t ov'er sepaated virt. -
how. di~plays.
Insufficitnt control of course. slope an~d airspeed.

Wj

F'ig. I, MASA Ccatoct Analog Display (froa Rerf. 17)I
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P

4
Uov.~ od

No~ hode

Dipa lemnti Srivin Funti ns .adflw

Hor'izoni& Band Diitch andRold

vertical Uina* Sl" eand Courae

5 ~to Landing Sit*

5 SotcoAppa'oach Sactor

____ Raeng* Circles f ______

7____ Digito Al-ltude _____________

8 Dijilta Airap*,ed_____________

9 CurslwAirsp*4d Devi-

Tesat Progr~am rixed-bas*a. olai by 10 pilots.

Main Conc~lusion BDlind landing of .iou~lAte VIOL aix'craf-c feasible.

IFip, 8: Teldix VTOL Rover Display (frome Ref. 19)
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DIRECTIONI OF
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F'R-9 tsdifig R1ids Diatancos at Tou~chdown obtaind ihte VO.IoaDipy

duin siuao __il fo o.1) e ih h ~dxVO ca ipa



32

Landing mcde u tim

Display rlament Dr'iving Ncin

No. Awe ýi t UAt iC'nG ac
Hlorizon2 and Pitch and Roll

2I sky i Attitude

Pitch Scale and Pitch Attitude

3 Helicop'or Syimboiit1i >V~iC ri. . . .. .. . . .. .dazix'd flight Path. Head-
in& Deviation

..... t.... Velocity Dirror

TIn'n Indicator Rate of ?urn ____________

SGround Proxduity Altitude ,boye,
. .... no Landing Site

Zi circle collective stick

~...9 Di~oodVertical Deviation frx.6
_______________________desired mgiht Path

io Tuch-ov- Lin Raa toLani~j iteVertical Davisti(- fv-ý
10 Th-don Lne Rng. o Lsndi~ jd.ired riight Path

Reference Linax Dtux lines for *l6a~ant
-~ j 3. &a and 10

Test Frog~raa Simurlator trizus plAnned for- tn, ½r'

ItAin Ctw~clusiona Int.Lýltion of all n~tssx&ay flight inforuii±on,

Fia. 10: Princeton~ Unioarsity Int.ograt,%d Malicopters Display (from Raf. 20)
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IdctrDisplay Driving Functions

...... 1 o. Name Elaftent Situation fGuidancv

,............ . 2 bo-*no

2Lead Vehicle Syr&o Quicýeo bmgitudinal (Pitch)
and L~tter~l (Roll) Off-Set

I ILS-Sqjuare Vertical and Latvrol Glide-
__________________________ ______________Path i)eviation

Off-Sot during Hover sad

____1AP T "iU'______ Doucent

K Altitude Tape Altitix,%J r-olative
- _____ _______________ to Laniding~ Sita ___________

6 Altitmie Cro~or Altitudie Enmot' and Adtitudo
._.__._.._.__._ F4_________ ~to LIror

7 Spood Tape GrDund Spo~d_ _ _ _ _ _ _

i H6i*R C Quretor Appiwch Reoading
(rel. to Aivczraft

1V~r. psw Dial Sp-

Uo~iellip m~d. ( lra Scs!# Side Prxc.
V* -tar Am1gla Ind. voirtical sxae. collectiyt vector

T** r I-orag S~mulation nf helicojrter an.d VTOL inm vtowp-tagla aprae up to 1O CW*
sl"mby groups of 6 pilots.

Effects of approach nodans " *rw

Fig. : Milk 1t*Vrat~d Electronic Vertical Disqlay' (&'00e Iaf. 21;
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~135

2.1 26

Dis-t Elmn Drvn -lcin

No. as*Situtio id'ne0

0oio an ic0adRl

Pktc 0w tiw

2* Digit He,2di
nj Tae Nmi Alile o

UT -1Atta_

DipJ.a ESt PmlýU In for iving cton

No NaoSiutionQ Guidrmatox)

S*IxMýc Ron-u Dith and~ for f arerammt'rm ef 2
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Display Element Dr~ving Functions

4I

No. Name Situation Guidance

1 for~zon and Pitch and Roll
Pitch Mars Attitude

2 Digits Heading

3 Trapezium, Range, Range Rate
Rel. Bearing

4Pyramid Lines Height, Height Rate

Rel. Berr-ing
5Hiving Tape rQuasi Angle of Attack

5 Cursor Vert. Speed

7 Digits and Cursor Selected Airspeed Airspeed Error
8 Digits Attitude

S Circle Side Force

Test P'rogram :Simulator and planned flight trials.

Main Conclusion :Transition is feasble.

Displ3 RA "uanc" HeaE-up mispeny (fDoi Rnf. u3)
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1 P B

000

2) 24 ,

2 Digits Heading
3 T-Symbol Thrust Derl. Angle Frt.

4<-Symbol Deflection Angle Error

5 Pyramid Lines Height, Height Rate
Rel. Bearing

6 Moving Tape Quasi Angle of Attack

7 Cursor Vert. Speed

8 Digits and Cursor Selected Airspeed Airspeed Error
9 Digits Altitude

I0 Circle Side Force

Test Program Simulator trials using groups of pilots.

Main %.onclusions Accurate transition possible, workload reduced,
detrimental to true engine and flight informa-
tion knowledge.

F1i. •4_ RAE "Control Director" Head-up Disp.'Ay (from Ref. 23)

AfQ~~i. M M- - <...............
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Disply ElmentDriving Functions

Dio.a Elamet Situation Guidance

1 Wind Symbol Wind Direction

2 Landing Pad Rel. Position of

_______ __________ Anding site

3 Digits )Raio Altitude

4 Dotted Line Req. Appr. Direction
5 Circle, Rate 6f Deecant ____________

6 Line __________ Req. Rate ok Descent

7 Digits Distanc to go

8 Circle Side Force.

9Compasi rose Heading

b 10 Maving Tape APgle of. Attack

11 Digits Airspeed or Ground-
speed

1 MI12 Velocity Vector Speed Error

4, ,Test Prop1~am Not available.

Main Conclusion Not available.

Irig. 15: A possible combined-transition display (RAE proposal)

I P-~
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Height

Airsp~ deviation
(or grournd speed)

Fig. 16: Display with pre!dominantly numerical *indications (prom Ref. 16)

(Slope and course)I
He ghviation'

(or SION INeVIationl ...J.....

Fig. 17. Display with contact analog representation (from Ref.;16)

Course dviaton

Lipý8 Display with contact analog representat ion (fropi Ref. 16)
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Display Element Driving Fumctions

NO. Name situation Guidance

1 Velocity Vector' SymboolI Flight Path Angle Heading Error

2Airspeed Erro.r Airspeed Error
2 ndicatox,________

3 Hor'izon Line Pitch and Roll

4Pole Trac~k AAltitude Error
Aiming Dot ________

Reference Height Altitude
.... . . . . .. . . . .. .P o le

Meatn Conclu.nion t .A (as : rgds VSL.

Fi.19: SAAB Head-up Display (from Ref. 24)
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